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JIETERMINATION OF BORON IN STEEL AND CAST IRON 


By John L. Hague and Harry A. Bright 


ABSTRACT 


{ method is deseribed for the determination of small amounts of boron in steels 

The procedure calls for (1) solution of the sample in hydrochloric 

ollowed by oxidation with hydrogen peroxide, (2) distillation of methyl 

Chapin’s method), and (8) titration of boric acid with sodium hydroxide 

presence of mannite. Selenium and tellurium do not interfere, but ger- 

a very minor constituent rarcly present in ferrous alloys, causes small 

rrors. Direetions are given for examining any acid-insoluble material 

I Data obtained by applying the method to a number of ferrous alloys 

vy that results accurate to +0.002 percent ean be expeeted with irons and steels 
‘ing from 0.005 to 0.1 pereent of boron. 
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I. INTRODUCTION 


increasing use of boron in the manufacture of metallurgical 

ts, both as a seavenger and as oy: alloying constituent, has made 

irable an aeeurate method for its determination when present in 
mall amounts. 

The method of Wherry [1],! as modified by Lindgren [2] to apply 
io the determination of boron in steel, consists essentially in dissolving 
he sample in a mixture of diluted hydrochloric and nitric acids, 
a A pre iron with caleium carbonate, filtering and titrating 
the boric acid in the filtrate with standard alkali, after adding mannite 
wid phenolphthalein. The titration of small amounts of boric acid 

the large final volume and in the presence of large amounts of 

oak ium salts is not entire ly satisfs actory, a fact noted by others [3]. 

Tsehischewski [4] separated iron from boron by means of the mer- 
cury cathode and applied this method to the analysis of iron-boron 
alloys. The method is not generally applicable to the analysis of 
iron and steel, because a number of interfering elements are left in 
solution with the borie acid. 

Methods for separating boron from iron, based on direct fusion of 
the si ample i in sodium peroxide, are not attractive because small samples 


] 
I 


ers in brackets indicate the literature references at the end of this paper. 
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must be used, and the amount of boric acid involved is difficult to 
determine accurately. Methods depending on the precipitation of 
interfering elements by adding sodium or ammonium hydroxide to an 
acid solution of the alloy are not entirely suitable for the determing- 
tion of small amounts of boron, since large samples cannot be used 
conveniently, and it has been shown that boric acid is retained in the 
precipitate [1, 5]. 

Lundell, Hoffman, and Bright [7] recommend the distillation of boron 
as methyl borate as directed by Chapin [6]. In this method the vola- 
tilized ester, B(OCH,),, is saponified in alkaline solution and the 
aleohol expelled by evaporation to dryness. The sodium borate js 
dissolved in water, acidified with hydrochloric acid and the solution 
boiled to expel carbon dioxide. The excess hydrochloric acid is then 
neutralized by titration with sodium hydroxide to the methyl red 
end point. The weak boric acid is next converted to a strong compley 
acid by the addition of mannite, phenolphthalein added, and the 
titration continued to the phenolphthalem end point. The _ boric 
acid complex with mannite titrates as a monobasic acid under these 
conditions. 

Borie acid can be determined volumetrically with the aid of suitabl 
indicators [6, 8, 9, 10], potentiometrically [11, 12, 18, 14], colorimetri- 
cally [18, 19], and gravimetrically as caletum borate [22, 15] or boron 
phosphate [7]. 

In the present work, titration with the aid of suitable indicators 
was adopted as the most desirable method for the determination of 
boric acid. Consequently, the investigational work dealt chiefly with 
a study of the conditions suitable for decomposing the sample and 
distilling the boron. In the procedure adopted, the sample is dis- 
solved in hydrochloric acid and the solution oxidized with hydrogen 
peroxide. Anhydrous calcium chloride is then added to the solution 
and the boron is distilled as methyl borate by passing methy! alcoho! 
vapor through the hot solution. 

While the procedure may appear somewhat lengthy, a determina- 
tion can be completed within 3 hours after the apparatus has been 
assembled and the solutions have been standardized. 

The acid-insoluble residue can be examined for boron by filtering 
the solution remaining after the distillation, igniting the paper and 
contents under a small amount of diammonium phosphate, and then 
fusing with sodium peroxide. The melt is then dissolved, and the 
solution distilled and titrated for boric acid. 


II. APPARATUS AND REAGENTS 


1. APPARATUS 


The apparatus used is shown in figure 1. It has been described 
elsewhere [6,15]. A is a U-tube containing mercury, used as a safety 
trap. Bisa 500-ml round-bottomed distilling flask for methyl alcohol, 
and contains a capillary “boiling tube” of 3-mm bore, the bore being 
sealed 10 mm from the lower end. C is a 300-ml, round-bottomed 
flask, D a No. 4 casserole (360 ml), / a glass condenser, F a 200-ml 
Erlenmeyer flask, and G a U-tube containing water to prevent the 
escape of uncondensed methyl borate. The tube leading into flask ¢ 
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is flared slightly to avoid plugging by separated salts. The apparatus 
is assembled with Pyrex glassware and tubing. If very small amounts 
of boron (<0.2 mg) are in question, an apparatus constructed of a 
boron-free glass, such as Kavalier glass or fused silica, must be used, 
and the reagents must be specially purified [16, 17]. 


2. REAGENTS 


Methyl aleohol.—Aleohol free from boric acid and volatile organic 
acids must be used. The more nearly anhydrous the alcohol, the 
better. 

Mannite.—Reagent grade, neutral. 

Phenolphthalein indicator.—Dissolve 1 g in 60 ml of ethyl alcohol 
and dilute to 100 ml with water. 

Methyl red indicator.— Dissolve 0.1 g in 60 ml of ethyl aleohol and 
dilute to 100 ml with water. 

Calcium chloride.—Reagent grade, granular (8S mesh), anhydrous. 

Standard solution of borie acid (0.1 N).--Fuse pure boric acid in a 








liGurgE 1.— Apparatus for distilling boron. 


platinum dish. While still warm, crush the melt and quickly place 
ihe fragments in a weighing tube. Dissolve 3.482 g in 500 ml of hot, 
‘ecently boiled distilled water, cool and dilute to exactly 1,000 ml. 
Hach milliliter of the solution contains 0.00108 g of boron. 

Standard solution of sodium hydroxide (approximately 0.1 N).—Pre- 
pare the solution, as free as possible from carbonates, by diluting 
}.5 ml of a clear 50-percent solution of sodium hydroxide with 1 liter 
of recently boiled distilled water. Standardize by titrating a standard 
solution of boric acid exactly as described in the recommended 
procedure. 

Hydrochloric acid (approximately 0.1 N).—This need be only approx- 
mate but should be free from carbon dioxide. 
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III. PROCEDURE 


Transfer a 5-¢ sample * to a 300-ml round-bottomed flask. Ad, 
25 ml of hydrochloric acid (sp gr 1.18), insert an air condenser, an 
heat on the steam bath until the sample is dissolved. Cool, remoyp 
the condenser, and add 10 ml of hydrogen peroxide (30 percent), drop 
by drop as the solution is kept cool. Insert the condenser and heat 
on a steam bath to decompose the excess peroxide. Cool, and with 9 
minimum of water wash down any condensate in the condenser. 
Remove the condenser, add 20 g of anhydrous calcium chloride, and 
swirl the contents of the flask to allow the chloride to take up the water. 
Connect the flask to the apparatus, figure 1, and raise the casserole 
until the flask dips into the water but does not touch the bottom 
Begin the distillation of aleohol from B, taking care that the “boiling 
tube” is functioning properly. After about 25 ml of alcohol has eon- 
densed in C, heat the casserole with a small flame, keeping it hot 
enough to prevent condensation in the flask. When a distillate of 
150 ml has collected in flask F, replace the flask with an empty one 
and continue the distillation. Add 1 drop of the phenolphthalein 
solution and 2 or 3 pellets of solid sodium hydroxide (about 0.25 ¢) to 
the first distillate, stopper, and swirl until the alkali has dissolved 
The solution should be definitely alkaline; if not, add more alkali, 
Transfer the contents of the flask to a platinum dish and heat genth 
on a steam bath to remove alcohol. In the meanwhile a second dis- 
tillate of 150 ml will have collected. Add the contents of the pro- 
tecting U-tube, make alkaline as with the first distillate, and transfer 
the solution to the platinum dish. Evaporate to dryness, dissolve the 
residue in about 10 ml of hot water, transfer to a 200-ml Erlenmeyer 
flask, and rinse with a minimum of hot water. The volume now should 
not exceed 25 ml. Add 5 drops of the methyl red solution, and then 
diluted hydrochloric acid (1-4-1), dropwise, until the solution is acid 
taking care not to add more than 1 drop in excess. Heat quickly to 
boiling and continue the boiling for 15 seconds. Cool, add 5 drops of 
the phenolphthalein solution and then add 0.1 N sodium hydroxide 
drop by drop, until the red tint of the methyl red is discharged. One 
drop of 0.1 N hydrochloric acid should restore the color, and 1 drop 
of 0.1 N sodium hydroxide should discharge it. Now add 1 g of 
mannite, note the reading of the burette, and titrate until the phe- 
nolphthalein end point appears. Add another gram of mannite, and 
if the color disappears, continue the titration until the color returns 
Continue this process until the addition of 1 g¢ of mannite does not 
discharge the phenolphthalein end point. 

Correct the volume of 0.1 N sodium hydroxide required in passing 
from the methyl red end point to the phenolphthalein end point, by 
the volume required in a blank run, preferably obtained on a 5-g 
sample of boron-free iron (such as the National Bureau of Standards 
Standard Sample 55a) carried through all steps of the method. A 
uniform blank equivalent to approximately 0.3 mg of boron was ob- 
tained on iron 55a with the reagents and Pyrex ware used in this work. 

If desired, the acid-insoluble residue can be examined for boron 8s 
follows: Dilute the solution remaining after the distillation to a volume 
of approximately 200 ml and filter through a small paper of close 


2? With alloys containing less than 0.005 percent of boron, treat a 10-g sample with 50 ml of HC! (sp gr 1/5 
3 This amount of CaCl], also suffices fo 14 10-g sample, since FeC}; acts as a desiccant. 
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‘exture and containing a little paper pulp. Wash the paper and 
residue with hot diluted hydrochloric acid (14-19) and hot water until 
e from iron salts, and then wash twice with a solution prepared by 
( ssl ing 5g of ammonium nitrate and 1 g of diammonium phosphate 
100 ml. Add about 0.5 ¢g of diammonium phosphate to the paper 
a transfer to a 30-ml ingot iron crucible. Slowly char the paper 
and then burn the carbon at a temperature of about 450° to 500° C. 
Cool, add 6 g of sodium peroxide, and fuse for about 3 minutes, or 
til clear. Cool, and dissolve the melt in a minimum volume of 
water in a platinum dish. Evaporate the solution to a thick sirup, 
cool, and transfer to a 300-ml, round-bottomed flask. Wash the 
platinum dish with the amount of hydrochloric acid (sp gr 1.18) 
neede J to neutralize the melt. Keep the flask cool during the ‘transfer 
and neutralization. Approximately 30 ml of acid will be required, 
and not more than 1 ml of excess acid should be added. The volume 
at this point must not exceed 60 ml, otherwise the subsequent distilla- 
tion of boron will be incomplete. Add 50 g of anhydrous calcium 
chloride, swirl the flask, and immediately connect to the apparatus. 
Complete the distillation and titration as already described. 


IV. DISCUSSION OF RESULTS 


The accuracy of the results obtained when single determinations by 
the recommended procedure were made on synthetic samples of irons 
und steels is illustrated in table 1. The precision that can be expected 
is shown in table 2. 

It will be seen from the data given in table 1 that results accurate 
to about +0.002 percent of boron can be obtained in the analyses 
of irons and steels containing from 0.005 to 0.1 percent of boron. 


laste 1.-Resulls obtained by the recommended procedure on synthetic samples ® 
] y I 


Boron 


Weight of 


Material sample 


Yecov- | 
Added I 
' 


| 

Error 
| ered 
| 
| 


Percent Percent Percent 
0.005 0.005 | +0. 000 

023 | + Ol 
. 055 053 OO2 
O52 003 
é | 111 | +. O02 

Sha, plus 0.5 g of steel 50a (3.597 Cr, 195 V, 18 W) 5 | | O45 | OO! 
! } O35 | (2 
i steel 101 5 | . 02: 024 | +. 2 
| f . 044 | . 045 | +. OO 

| | | 


*Spectrochemical examination detected no boron in iron 55a and steels 50a and 101, and less than 0.001 
jereent In cast iron <1 in tests that should reveal 0.0005 percent of boron. 
’ Sample di solved in 20 ml of diluted hydrochloric acid (14-1). 


Spectrochemical examination was made of the irons and _ steels 
listed in table 2. In order to compare the results with those ob- 
tained by chemie al analysis, the logarithm of the intensity ratios for 
boron 2496.78 A: iron 2494.00 A were plotted against the logarithm 
of the chemical values for boron. A straight line relation was ob- 
tained, the agreement indicating that the chemical results, relative 
‘0 one another, were accurate to +0.002 percent of boron. 
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Taste 2.—Results obtained by the recommended procedure on several steels 
trons containing boron 


| 


Weight of | 


Material 
fateria sample 


Cast iron C_- 
Mo-Max steel D 


Carbon steel F 
Carbon steel I’. 
Alloy @ (Co 40%; Cr 30%; W 17%; Fe) 


® Sample dissolved in 20 ml of diluted HC1 (143) 
> Sample fused in 6 g of sodium peroxide and the determination finished as described in the 
of Insoluble residues. 


Analysis of the insoluble residues from irons B and C and Mo-Ma 
steel D showed only traces of boron—less than 0.002 percent. Spee- 
trochemical tests of the residues also indicated only minute amounts 
of boron. The residues from alloy G were not examined for boron, 
as the agreement between the results obtained by fusion with peroxi 
and by solution in acid showed that the acid-insoluble residues fron 
this alloy did not contain significant amounts of boron. 

The procedure for determining boron in the acid-insoluble residues 
was tested by adding a portion of National Bureau of Standards 
Boron Glass No. 93 to the residue from Mo-Max steel D. A recovery 
of 0.019 percent boron was obtained when the equivalent of 0.020 
percent boron was added. 

Tests were also made to investigate the effect of selenium, telluriun 
and germanium in the procedure. No selenium or tellurium could | 
detected in the distillates and quantitative recovery of boron wa 
obtained after 20 mg of each of the clements was added, as the tetra- 
chloride, to synthetic mixtures of iron 55a and borie acid. Hence 
neither of these two elements caused any error in the values obtaine 
for boron. When 20 mg of quadrivalent germanium was adde 
some of the germanium was distilled with the boron, and in thie sul- 
sequent titration consumed alkali solution equivalent to approx 
mately 0.5 mg of boron. Quadrivalent germanium forms a comple’ 
acid with mannite, and then reacts with alkali in a manner analogou 
to boron [20, 21]. 


The authors thank Bourdon F. Seribner for making the spectro- 
chemical analyses. 
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STUDIES OF HEAT OF SOLUTION OF CALCIUM AND 
MAGNESIUM OXIDES AND HYDROXIDES 


By Kenneth Taylor and Lansing S. Wells 


ABSTRACT 


The heat evolved in the solution of MgO in hydrochlorie acid was found to 
lecrease as the temperature at which the MgO was prepared was inereased. 
[his is shown in the following equations, where the values given are those of 
4H, the increment in the heat content. The negative sign, therefore, indicates 
the evolution of heat. 


MgO(c) [pre pared by dehydrating Mg(OH), for 2.5 hours at 450° C]+ 17,630 
g of 2.085 M HCI: solution; AHogs.1°x 36.67 + 0.07 keal, and 


MgO(e) [pre pared by dehydrs ting Mg(OH), for 2.5 hours at 1,425° C]+- 17,630 
g of 2.085 M HCl -solution; AHogs.1°x = — 35.72+ 0.03 keal. 


The deerease in the heat evolved is ascribed mainly to an increase in the particle 
size of the MgO as the temperature of ignition was increased. Sinee X-ray dif- 
fraction patterns were similar there appeared to be no change in crystalline form. 
The inerease in particle size was indicated by a decrease in the rate of solution 
1 the calorimeter and was verified by sedimentation experiments. Heat values 
have also been obtained for the solution of Mg(OH)., CaO, and Ca(OH), in 
hydrochlorie acid. Heat of hydration of MgO and CaO was calculated from 
heat-of-solution data. The heat of hydration of MgO to Mg(OH), depends on 
the characteristic properties of both the MgO and Mg(OH).. Heat of hydration 
f CaO to Ca(OH), was also determined by direct hydration of CaO in a solution 
saturated with respect to Ca(OH).. 


CONTENTS 
Page 
. Introduction — — -- : 133 
. General procedure . 134 
Apparatus and materials 135 
’. Effect of the —— of ignition on the heat of solution of MgO in 
hydrochlorie acid _ 
l. Experimental __ 
2. Corrections. 
(a) Corrections to common concentrations - 
(b) Correction to a temperature of 25° C- 
V. Heat of solution of Mg(OH)» in hydrochloric acid_- 
. Heats of solution of CaO and Ca(OH), in hydrochloric acid 
. Heats of hydration of ~— and CaO 
Summary - 
. References _ 


I. INTRODUCTION 


In a recent investigation at the National Bureau of Standards of 
the hydration of magnesia in dolomitic limes and putties [1]! it was 


ires in brackets here and elsewhere throughout the text indicate the literature references at the end 
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necessary to determine the heats of solution of MgO, Me(Ol), 
CaO, and Ca(OH), in hydrochloric acid. Since the values were to }o 
used. only for the purpose of ascertaining the percentage of MgQ ji 
dolomitic hydrated limes and putties, several minor corrections whiel 
were not significant in that determination were omitted. Further. 
more, the data in that paper pertain only to calcium oxide and may. 
nesium oxide ignited at temperatures roughly approximating those 
at which dolomitic limes are burned in practice. It has been found 
in this laboratory that the heat of solution of magnesium oxide doe- 
pends appreciably on the temperature of ignition prior to its solutio; 
This paper describes the variation in the heat of solution of Me(Q 
and includes data on the heats of solution of Mge(OH)., CaO, 
Ca(OH), in addition to those given previously [1]. 


II. GENERAL PROCEDURE 


In the preparation of MgO and CaO for the determination of hesi 
of solution, samples of Me (OH), and CaCO, were ignited, cooled to 
room temperature in a desiccator, and immedis itely we ihe d ; 
sealed in the sample container of the calorimeter. The MgO, is 
not sealed, was found to take up moisture rapidly for 10 or 15 minutes 
after its removal from the desiccator. Since CaO also increases in 
weight upon exposure to air under ordinary conditions, it was desirable 
to make weighings of these materials as rapidly as possible. Fo: 
this reason no attempt was made to take samples of exactly the same 
weight although equal weights of acid solution were used in the differ- 
ent experiments. Such a procedure produces differences in the con- 
centrations of the constituents of the final calorimetric solution: 
Corrections have been made for these variations, although they ar 
relatively small in the experiments described in this paper. 

Heat-capacity measurements were made by adding definite amounts 
of electrical energy to the calorimeter plus the initial hydrochloric 
acid solution rather than to the calorimeter plus the final more com- 
plex solutions. The heat capacities of the samples [4, 5] were there- 
fore added to that of the calorimeter containing the initial acid solu- 
tion, and the heat-of-solution values corrected to a final temperature 
of 25° C. This procedure gives the heat of the isothermal reaction 
at 25° C. 

The “energy equivalent error’ [18], a, (three times the “probable 
error’) of the heat-capacity measurements of the calorimeter was 
calculated by the formula 

+ (100)— nesta ZA?/m(m- 1) _ percent, 
(value of energy equivalent) 
where DA? is the sum of the squares of the m deviations from the arith- 
metical average of the experimental values. 
Likewise, the “reaction error’, b, was calculated by the formula 
9 A2 
b= + 1100) 29 fa(n—1)_ 1) —~ percent, 
(value of reaction energy) 
where n is the number of determinations of the heat of solution. _ 

The final assigned “precision error” of the average value for th 

heat of solution is 
“precision error’ = + Va?+-6? percent. 
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The last equation was also used to calculate the error of the sum or 
difference of two heats of solution A and 2 affected with errors a and 6, 
hut the errors in this case must be expressed in calories and not in per- 
cent. The final change back to percent was made after the addition 
or subtraction was completed and the magnitudes of both the error 
and desired quantity were known. 

The unit of energy employed in this work is the National Bureau 
of Standards International Joule, and conversion to a defined or 
conventional calorie is made by using the factor 1/4.1833. See reference 
[18] for further information on this point. 


III. APPARATUS AND MATERIALS 


The calorimeter used in this work has been adequately described in 
previous publications [2]. The temperature of the water surrounding 
the outside jacket of the calorimeter was maintained at 25-+0.005° C. 

The hydrochloric acid solutions were prepared from concentrated 
acid of analytical reagent quality and distilled water. 

Two samples of magnesium hydroxide were used. The first was 
naturally occurring brucite which was completely soluble in hydro- 
chloric acid, free of silica, and contained only traces of calcium, iron, 
and aluminum oxides. The second sample was prepared from magne- 
sium oxide of analytical reagent quality. Before being used, the oxide 
was extracted with water to remove any water-soluble substance 
with which 1t might be contaminated. An analysis then showed that 
it was completely soluble in hydrochloric acid, free of chlorides and 
sulfates, and contained only traces of iron and aluminum oxides. In 
the preparation of magnesium hydroxide, this oxide was ignited in a 
mufile furnace for several hours at 850° C, hydrated with steam in an 
autoclave for 2 hours at a pressure of 120 lb/in.’, and then oven-dried 
for 1 hour at 105° C. 

The magnesium oxide used in all determinations of heat of solution 
was obtained by dehydrating the above prepared magnesium hydroxide 
at the desired temperature. 

Calcium carbonate of analytical reagent quality was used in the 
preparation of caleium oxide and calcium hydroxide. The carbonate 
was completely soluble in hydrochloric acid, free of chlorides, sulfates, 
and silicates, and contained only traces of iron and aluminum oxides. 
Calcium oxide was obtained by igniting the carbonate for about 4 
hours over a Meeker burner just prior to each determination of heat 
of solution. The ignition temperature was 1,050° to 1,100° C. In 
the preparation of calcium hydroxide, the carbonate was ignited in a 
muflle furnace for several hours at 950° C and then hydrated and dried 
as in the preparation of magnesium hydroxide. 


IV. EFFECT OF THE TEMPERATURE OF IGNITION ON 
THE HEAT OF SOLUTION OF MgO IN HYDROCHLORIC 
ACID 

1. EXPERIMENTAL 


Experimental evidence indicates that in some instances the heat of 
solution of a material is markedly affected by the manner in which it 
is prepared. Thus, Fricke, Schnobel, and Beck [3], by varying the 
method of preparation of Mg(OH),, obtained differences in its heat 
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of solution in 3.75 N HCI of as much as 850 eal per mole. Newmay 
and Wells [2] have reported differences in the heat of solution (jy 
2.09 M HCl) of the stable form of CaSO, prepared by dehydrating 
CaSO,.2H,O at various temperatures, and for various periods of time 
at the same temperature. These differences have been attributed to 
differences in surface rather than to any fundamental change in the 
internal structure of the crystals. 

[t is well known that the apparent density of MgO increases appre- 
clably upon ignition at increasingly higher temperatures. Therefore. 
it seemed reasonable that its heat of solution might be affected by 
the temperature at which it had been ignited previous to a deter 
mination. This was further suggested by the discre pancy in the heat 
of hydration of MgO prepared by dehydrating Mg(OH), at 1,050 
1,100° C, as determined in this laboratory [1], and that of MgO pre- 
pared by igniting 
Mg(OH), at 300° (, 
as determined by 
Giauque and Archi- 
bald [4]. 

In order to study 
the effeet of ignitio: 
temperature on 
heat of solution of 
MeO, determinations 
of heat of solution 
} were made on sam- 

| ples of MgO prepared 
— a ian. | on i ee by heating Me(OH 

| 

| 
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for 2.5 hours at tem- 
| peratures ranging 
| | from 450° to 1,425°C 
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also be seen in figure |. 


Five heat-capacity measurements made by adding definite amounts 
of electrical energy to the calorimeter plus 640 ¢ of 2.085 molal? HC! 
solution gave the values 648.1, 648.4, 648.4, 648.0, and 648.6 eal, 
respectively, or an average of 648.3 cal with the “energy equivalent 
error’ = +0.2 cal. 

Table 1 shows that Mg(OH), was not completely dehydrated in 
2.5 hours at 450° C or 800° C. From the known heat of solution o! 
Meg(OH),, the heat of solution of MgO in these samples was corrected 
for the amount of hydroxide present. Samples used in experiments 

1 and 2, determination A, represent separate ignitions of Mg(OH), 
In the same way, the sample used in experiment 1, determination 4 
differs from that used in experiments 2 and 3 of this determination. 

From figure 1 it appears probable that at temperatures higher tha! 


1,425° C the effect of the temperature of ignition on the heat 
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? The term ‘“‘molal’’ (abbreviated M) in this paper refers to 1 gram-formula weight in 1,00 
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solution of MgO would be less than at lower temperatures. In this 
connection, the heat of solution of periclase (fused MgO) would be of 
interest. However, it has been found that as MgO is ignited at higher 
temperatures, it becomes increasingly difficult to dissolve in hydro- 
chloric acid. Samples of periclase, even when ground to pass a stand- 
ard No. 325 sieve, did not completely dissolve when stirred in the 
eglorumeter for 3 hours (at 25° C) in 4.355 M edie nese 


ue 1. Heat of solution of samples of MgO prepared from Mg(OH)s by ignition 
5 hours at various temperatures, using 640 g of 2.085 M HCl in each experi- 
/ 


t 


eat capacity of calorimeter containing the initial acid solution equals 648.3-£0.2 cal.| 


| a Final Uncorrected heat | Corrected heat 
Weight} . oa ils " of solution of solution of 
lemperature | Ex- of a. | per vp MgQO(c)+17,- 
which MgO | peri- | sample ae Bl aca 630 g of 2.085 
is prepared | ment n a ti ahatentc M HCl=solu 
| MgO | “Ye | neare ! tion; 
NHI 298.1°R 


Ya, e | | cal | cal/inole | kcal 
. S107 
7282 
TO94 
2. O679 
T7045 
. 2822 | 
2.0182 


. 4998 
. 9744 


5. Y64-0. 02 


Although a comprehensive study was not made of this phase of 
the problem, it appears probable that the time of ignition also affects 
the heat of solution of MgO. It seems, however, that relatively large 
differences in time are necessary before this effect becomes significant, 
as is indicated by the data of table 2. The heat of solution of MgO 
heated for 18 hours at 800° C (table 2) is an average of two determi- 
nations which differed by 1.3 cal/g; that of the MgO heated for 4 hours 

1,075° C is an average of four determinations which differed by a 
maximum of 1.5 eal/g. 

The differences in the heat of solution of MgO, as shown in tables 1 
and 2, are ascribed mainly to differences in surface. X-ray diffraction 
patterns were similar, indicating no change in cryste alline form. An 
increase in temperature of ignition resulted in a decrease in the rate 
of solution in the calorimeter, and, as is well known, it also is followed 
by a decrease in the rate of hydration. Both effects can be explained 
by an inerease in particle size. Sedimentation experiments in 
unhydrous normal butyl aleohol showed that the sample of MgO 
heated at 800° C contained considerable material less than 1 micron 
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in diameter, and that much of this in turn was less than 0.5 micron. 
On the other h: and, the MgO heated at 1,315° C had very little materia] 
finer than 1 micron. 


TABLE 2.—Fffect of time of ignition on the heat of solution of MgO tn hydrochloric acid 


| Corrected heat of 

Jsolution of Mei 
Timeof | (c) +17,630 ¢ of 
Temperature of ignition at which MgO was prepared ignition | 2.085 M HC] 
llution; A7/298.1°k 


| equals 


| 


5 | 





Hours keal 
j —36. 27 + 
| is 0 —35,.99 +6 
f | —35. 96. +£0.02 
\ ‘ 0 —35. 94 +0. 0 


800° C | 
| 


1,075° € 


2. CORRECTIONS 


}y means of several minor corrections the various average heats of 
solution were reduced to a comparable basis and expressed as the heats 
of a definite chemical reaction in which the only variable was the tem- 
perature at which the MgO was ignited. These values are shown in 
the last column of table 1 

In making corrections, the following factors were considered: 
(1) Variation of the concentration of MgCl, in the final solutions; 
(2) variation of the concentration of HCI in the final solutions; and 
(3) variation of the final temperature from 25° C. 


(a) CORRECTIONS TO COMMON CONCENTRATIONS 


The first two factors are concerned with concentrations in the 
‘alorimetric solutions. These concentrations are shown in table 3. 
Inasmuch as they differed, all determinations were corrected so that 
they were on a basis equivalent to that of determination B for which 
the equation in the last column of table 1 was written. 


TABLE 3.—Concentration conditions of the calorimetric solutions before and afler 
samples of MgO have been dissolved 


ae : " — 
Concentration conditions Concentration conditions in the final 
in the original solution solution 


Determination - ~~~ $$ $$$ 


Amount Concentra- Amount Concentra- Concentra- 
) tion of HC] of HCI tion of HCl] |tion of MgCl: 


Moles per Moles per Moles per Moles per | Moles per 
mole of Mg0O |1,000 g of H20 |mole of MgC]y}1,000 g of H20 | 1,000 9 of H:9 
38. 9314 2. 0852 36. 9314 . 9761 0. 053 
34. 1698 2. O852 32. 1698 . 9610 0610 
30. 9013 2. 0852 28. 9013 . 9179 | (674 

27. 9089 2. 0852 25. 9089 . 9331 O74 
32. 1530 2. 0852 30. 1530 . 9533 0645 




















The last column of table 3 shows the concentration of MgCl, in the 
final solutions. The corrections to be applied for the differences 
shown in this column are, therefore, the heats of dilution or of con- 
centration of a mole of MgCl, from the various concentrations to a 
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concentration of 0.0610 Af. Expressed in other words, they are the 
Jifferences in the apparent molal heat content of MgCl, in a 0.0610 
V solution and in solutions of the other concentrations. However, 
the effect of concentration on the apparent molal heat content should 
he determined in approximately 2 M HCl rather than in water alone 
since the former represents the experimental conditions. That the 
concentration effects differ decidedly under the two conditions may be 
seen from figure 2, which shows the effect of concentration on the 
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Concentration, roles of CaCl and MgC per 10009 t0 
and per (1000 g HO + 2.06 moles HC) 


Figure 2.—Curves showing the changes in apparent molal heat content of CaCl, and 
MgCl, as functions of their concentrations in water and a hydrochloricacid solution. 














he curves for MgCl, and CaCl, in water were drawn from data given by Bichowsky and Rossini, Ther- 
uochemistry of Chemical Substances, p. 113 and 117, Reinhold Publishing Corporation, New York, N. Y 
136, and corrected from 18° to 25° C. 


change of the apparent molal heat content of MgCl, and CaCl, in 
water and in 2.06 MZ HCl at 25° C. The curves for MgCl, and 
CaCl, in water were drawn from reliable data found in the literature [5] 
and corrected from 18° to 25° C. The graphs for MgCl, and CaCl, in 
hydrochloric acid represent values obtained in this laboratory. As 
the two latter graphs each represent only two experimental points, 
they were drawn as straight lines although it is probable that they 
deviate from such. 


79859—38———_2 
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By means of the curve in figure 2 showing the effect of concentratio, 
on the apparent molal heat content of MgCl, in 2.06 MZ HCI, the eoy. 
centrations of MgCl, in the final calorimetric solutions were correcte,) 
to a molality of 0.0610. These corrections are shown in the secon 
column of table 4 


TABLE 4.— Corrections of AH for the solution of 1 mole of MgO in 
hydrochloric acid 


Corrections for 


Variation of | Variation of | 
Determination / concentra concentra- | Variation of 
tionof MgCl) tion of ITC | of final tem 
in final solu- | in final solu- | perature from 
tion from tion from | 25°C 
0.0610 M 1.9610 M | 


lot 
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Fiagure 3.—Relation between tie relative apparent molal heat content 
and concentration. 


Drawn from data of Rossini, BS J. Research S 9, 678 (1932) R P499. 


When 1 mole of MgO dissolves in a solution of hydrochloric acid, 
2 bi cy HCl disappear from the solution and 1 mole of H,0 is added. 
This results in the dilution of the solution which now contains (7 2 
moles of HCl, where n is the number of moles of HCl in the origina 
acid solution per mole of MgO added. Since the weight of the s: amples 
of MgO differed the number of moles of HCI in the solutions whic! 
were diluted in the determinations differed as did also the extent 0 
dilution. From calculations of AH for the dilution which took place 
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in the hydrochloric acid solutions (disregarding for the time being the 
effect of MgCl, in these solutions) the final corrections necessary to 
make all determinations comparable, so far as concentrations are 
oneerned, can be applied. 
In order to calculate these heats of dilution it is necessary to know: 
The number of moles of HCL involved in each determination: (2) 
‘he extent of dilution; and (3) the variation of the apparent molal 
wat content of HCl in aqueous solutions with concentration at the 
comperature and in the concentration range under consideration. 
The last factor is shown in figure 3, which has been drawn from data 
of Rossini [6]. From figure 8 it may be seen that at concentrations 
of about 2 Moand at a temperature of 25° C, the apparent molal heat 
mtent of HCL changes approximately 220 cal for a change of 1 in 
olality. Column 4 of table 3 shows the number of moles of HCI 
diluted in the various determinations. The extent of dilution is ob- 
tained by subtracting each of the numbers in column 5 of table 3 
from 2.0852, the concentration of HCl in the original acid solution. 
The product of these three factors is the heat produced by the dilution 
of the acid solution (neglecting the MgCl.) when 1 mole of MgO is 
lissolved. These heats of dilution are shown in table 5. 
li should be pointed out that although these solutions contain 
\ieCl, in various amounts, corrections have already been made for the 
ilerences In the apparent molal heat content of the MgCl, (see table 
The presence of MgCl, should, therefore, be disregarded in this 
ethod of correcting for differences in the concentration of HCl in 
the final solutions as will be apparent on consideration of the equations 


which follow. 


Heat absorbed by the dilution of the hydrochloric acid solution disregarding 
the MgCl, formed when 1 mole of MgO ts dissolved 


2.0852 32.1698 TEC (aq, M= 1.0610) 
2.0852) = 28.9013 HC](aq, M= 1.9479) 

52) =25.0089 HC I(aq, Af = 1.9331) 
2.0852) = 30.1530 HCl(aq, AMf= 1.9533) 


2.0852) = 35.9314 HCI(aq, Af=1.9761) 


Equations | and 2 pertain to determinations Band D, respectively. 


MeO(e) 4+34.1698 HCl(aq, 1/=2.0852)=[MgCl,(7=0.0610) 
}+-32.1698 HCI(Af= 1.9610) ](aq); AZZ). (1) 


MgO(e) +4 27.9089 HCl(aq, M/=2.0852) =[MgCl.(M=0.0746) 

+-25.9089 HCI(AL= 1.9331)](aq); AZZ». (2) 
_ It will be assumed for the time being that the samples of MgO have 
heen prepared in the same way and that the environments of the two 
Jeterminations are comparable in all respects except for concentration. 
Che difference in the heats of the two reactions, A//,— Al/,, therefore, 
represents the amount that must be added to A/7/, to correct the condi- 
tions of determination D to those of determination B. 
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Subtracting eq 2 from eq 1 and transposing terms there is obtaiy, 


34.1698 HCl(aq, Af=2.0852) +[MegCl,(\f=0.0746) 
+-25.9089 HC l(M 1.9331)]( ms 
[MgCl,(A7= 0.0610) +-32.1698 HCI(M= 1.9610)] (aq) 
27.9089 HCl(aq, Af=2.0852); AH,;=AH,— AH. 


From an inspection of figure 2 it may be seen that the apparent mol; 
heat contents of 0.0746 and 0.0610 AL MeCl, in approximately 2 |/ 
HCl differ by about 12 cal (40-28, approximately). Making th, 
appropriate correction in the heat of the reaction’ as indicated by 
this approximate y value, the two moles of MgCl, may be omitted 
from eq 3 and the reaction written as 


34.1698 HCl(aq, Af= 2.0852) 4-25.9089 HCl(aq, M= 1.9331) 
-32.1698 HCl(aq, Af=1.9610)+4+-27.9089 HCl (aq, AZ==2.0852 
AH,=AHj+-12 eal=Al7,— Al, +- 12 eal. 


Subtracting 
2 HCl(aq, 4/=2.0852)=2 HCl(aq, Af=2.0852); AH,—0 
from eq 4, there is obtained 


32.1698 HCl(aq, Af=2.0852) 4+-25.9089 HCl(aq, AZ= 1.9331) 
32.1698 HCl(aq, Af=1.9610) 4 "25.9089 HC I(aq, M=2.0852): 
AH,—=AH,—AH, All, AH,+-12 eal. 


Kquation 6 is also obtained when eq 8 is subtracted from eq 7 
32.1698 HCl(aq, AZ= 2.0852) = 32.1698 HCl(aq, Af/== 1.9610); AZT; 
25.9089 HCI (aq, Af=2.0852)=25.9089 HCl(aq, 4f= 1.9331); AH, 


Therefore, 
AH,=—AH,— AH,=AH,—AH,+12 cal 
and 


AH,—AH, AH,—AH,—12 cal. (10 


From table 5 it may be seen that eq 7 and 8 represent the reactions 
for the dilution of the acid solutions in determinations # and LD), 
respectively. Since account has already been taken of the —12 cal 
in eq 10 in correcting for the variation of the concentration of M; oC 
in the final solutions. (see table 3) the only remaining correction to be 
made for differences in concentration is AH;—AH,, “whic h, as can be 
seen from table 5, is equal to —879—(—867) or —12 cal. 

Since the concentrations of all determinations were corrected to 
those of determination B, the corrections for differences in the concen- 
tration of HCI in the final solutions were obtained by subtracting eac! 
of the numbers in the last column of table 5 from —879 cal. 

These corrections are shown in the third column of table 4. 


(b) CORRECTION TO A TEMPERATURE OF 25° C 
As it was desired to know the heats of the reactions at 25° ©, 
corrections were made for the departure of the final temperatures 
from 25° C. 
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In calculating the temperature coefficient of the reaction, MgO(c) + 
» HCl(aq) = MgClh(aq)+H.O(liq), in which the concentrations of 
‘he HCL and MgCl, solutions were approximately 2 and 0.06 AZ, 
respectively, the apparent molal heat capacity (at 25° C) of 2 TIC! 
was taken as —45 eal/° C [7] and that of MgCl, as —48 eal/°? C. The 
atter was estimated from specific-heat data on aqueous solutions of 
\eCl, [8]. The molal heat capacities of MgO [4] and H.O were 
taken as 9.1 eal/°C and 18 eal/°C, respectively, at 25° C. The 
increase In the heat capacity, AC,, resulting from the above reaction 
is. therefore, (—48-+- 18)— (9.1-+4- (—45)), or approximately +-6 cal. 
Since 
AF,— All, = AC, (T: 


9 


r) 
and 


AH,=—AC, (T,—7,)+Alh,, 


the temperature coeflicient of the reaction in question is —6 eal/? C, 
To obtain the temperature corrections it is only necessary then to 
subtract 25° C from the final temperature of each determination and 
multiply each result by —6 cal. These corrections are shown in the 
fourth column of table 4. 


V. HEAT OF SOLUTION OF Mg(OH), IN HYDROCHLORIC 
ACID 


Determinations were made of the heat of solution (in 2.085 47 HCl) 
of brueite and of Mg(OLL). prepared by hydrating MgO for 2 hours 
at 120 Ib/in.* steam pressure (see section IIT). Data relative to these 
determinations are shown in table 6. The method by which the 
corrected heats of solution were obtained was explained in detail in 
section LV of this paper. 


TaBLE 6.—-Heat of solution of Mg(OH), in 2.085 M HC! 
leat capacity of caiorimeter containing 640 g of 2.085 Mf TIC] equals 648.3-+40.2 cal.] 
Uncorrected heat of Corrected heat of so- 
solution | lution of Mg(OH)a 
fixperi- | | (c)+17,630 g 2.085 
ment | M HC1|—H3)0 (liq) 


=solution Al/gi84°K 
equal 


cal/gof MgO) cal/mole 
—66H1L. 2 
661.6 
661.4 


661 572 26. 64-40). 01 
666. § 


t by hydrating MgO for 2 hr | 2 | 667. 
team pressure, 177° C 3 — HBS. : 


_ Table 6 shows that the heat of solution of brucite is appreciably 
ess than that of the Mg(OH), prepared by the hydration of MgO in 


the autoclave, 





144 Journal of Research of the National Bureau of Standards 


VI. HEATS OF SOLUTION OF CaO AND Ca(OH), IN HYDRo. 
CHLORIC ACID 


The samples of CaO and Ca(OH), used in determinations of heat 
of solution were described in section II]. As is indicated in tables 
7 and 8, determinations were made in both 2.085 and 0.277 MHC! 
The molal concentrations of CaCl, in the final solutions represented 
by the equations in columns 5 of these tables was in both cases 
0.0380 M. 

The effect of ignition temperature on the heat of solution of Ca¢ 
has not been studied in this laboratory. However, Gautier [9] ae 
reported heat of solution data on CaO (in hydrochloric acid) prepared 
by igniting CaCO, at temperatures ranging from 1,000° to about 
2,570° C (fusion temperature of CaO). He concluded that the 
temperature at which the CaO was prepared did not affeet its heat 
of solution. In view of the effect of the ignition te mperature on the 
heat of solution of MgO, it should be of particular interest to com- 
pare the heat of solution of CaO preps ared at high temperatures with 
that prepared by dehydration of Ca(OH), at relatively low tempera- 
tures. 


TABLE 7.— Heat of solution of CaO and Ca (OH) 2 in 2.085 M HCl 


Heat capacity of calorimeter containing 640 g of 2.085 M HC] equals 648.3 +-0.2 eal.] 
1 


Uncorrected heat of 
solution 


Sample | —— | 
i 


AH | AH 


| Corrected heat of soluti 


j cal/g of CaO} cal/mole 
repared from CaCQx3 by i | 22 6 
epared from 1 y | 833. ¢ 120 (c)-+-28,000 ¢ of 2.085 Mf Ht 


ing for 4 hr. at 1,050° to 1,1 ‘ -$35. 2 : 
: : $33 g | | solution; AHs8.1°K equal 


!) 


Average 34. : 6,77 16.78 +0.06 Keal. 


Ca(OH), prepared by hydrating | 556.8 | |) Ca(OH) 2+28,000 g of 2.085 M He 
CaO for 2 hr. at 120-Ib./in.? steam : 557.9 | > H2O (liq)=solution; A/T 
pressure (177° C.) | ‘ 557.6 | equals 


Average 557 31, 25 31.23 +0.04 keal 


TaBLe 8.—Heat of solution of CaO and Ca (OH), in 0.277 M HC! 
[ITfeat capacity of calorimeter containing 640 g of 0.277 Mf HC] equals 689.7 +-0.9 cal.] 


j i 

i | 

ncorrected heat of 

. | solution 

| Experi-| siutaes 
| 


Sorrecte rat of solution 
ment Corrected heat of solutio 


Sample 


| - 

‘al ‘parec 1 CO | | 825 oY | . . oa 
See Soe ye | * | CaO(c)+27,416 g of 0.277 M H 
edema : | | |{ solution; AFfg98.1°« equals 

Average ~46.28 +0.07 keal. 
Ca(OH): prepared by hydrating | a(OH)2(c)+27,416 g of 0.277 M 
CaO for 2 hr. at 120-Ib./in.? steam 14 ; 547. 2 | + HCI—H20 (liq) =solution; A//a. 
pressure (177° C.) | 3 | —5A8. 5 | equals: 


Average —547.8 | —30,715 — 30.70 +0.05 keal. 
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VII. HEATS OF HYDRATION OF MgO AND CaO 


The values which have been reported for the heat of hydration of 
\icO to Mg(OH), differ considerably, as is indicated by table 9. 
\lixter [10] measured the heat of dehydration of brucite. Roth and 
Chall [11] state that in their experiments Kahlbaum MgO was used, 
and that the Mg(OH), was prepared by the slow reaction of water 
on this MgO, the resulting product being dried to constant weight at 
ig0° C. Giauque and Archibald [4] prepared Mg(OH), by the pre- 
cipitation method of de Sehulten [12]. They state that the crystals 
of Me(OH),. were well formed, having an average diameter of about 
0.2 mm. The MgO was prepared by the dehydration of the pre- 
cipitated Mg(OH), in vacuo at 300° C. 


TaBLE 9.—Heat of hydration of MgO to Mg(OH), as reported by various 
investigators 


Pemperature | 
at which | : 
Investigators Method determina- | fe 
tion was : ; 
made 


Mixter [10] 2 Reaction of NagO2 with brucite 
{ Chall [11] 2 Heat of solution 
ique and Archibald [4] do 
| 








It can be seen from the data of table 1 that the heat of solution of 
MgO prepared by dehydrating Mg(OH),. at 450° C. was 950 eal per 
mole greater than that prepared at 1,425° C. Also (table 6) the 
heat of solution of Mg(OH), prepared by hydrating MgO in the 
autoclave was 240 cal per mole greater than that of brucite. It 
should be recalled that Fricke, Schnabel, and Beck [3] have likewise 
reported differences in the heats of solution of Mg(OH), prepared by 
various methods. It is apparent then that the heat of hydration of 
MgO to Mg(OQH),. may vary considerably, depending on character- 
istic properties of both the MgO and the Mg(OH), which is formed 
as the result of the hydration. A heat value for the reaction, 


MgO(c)+-H,O (liq) = Mg(OH),(e), 


as determined from heat of solution data, is therefore indefinite in 
meaning unless the samples of MgO and Mg(OH),, on which many 
data have been obtained, are fully deseribed. 

Table 1 shows the equation MgO(c)+ 17,630 ¢ of 2.085 Af HCl 
solution; AHo9g 46K = — 36.67 keal, for the solution of MgO prepared 
by dehydrating Mg(OH),(e) for 2.5 hours at 450° C.; table 6, the 
equation Mg(OH),(e)+ 17,630 g of 2.085 M HCl—H,O(liq)—solu- 
tion; AFfogg x= —26.64 keal for the solution of brucite. These 
equations could be made more definite in their meaning by writing 
them in the following forms: 


MgO(c) [((Mg(OH), dehydrated 2.5 hr at 450° C]+ 17,630 ¢ of 
2.085 M HCl=solution; AH oo. :.%= —36.67 keal (11) 


and 
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Mg(OH),.(c) [brucite]+-17,630 g of 2.085 AZ HCI—H,O(liq)—sol 
tion; Aldo ox 26.64 keal. 


By subtracting eq 12 from eq 11, there is obtained 


MgO (c) [Mg(OH), dehydrated 2.5 hr at 450° C]4-H,O (liq) = Me (OH 
[brucite]; AF oog 1°K a 10.03 + 0.07 keal. \ 13) 


From similar considerations, there may also be written 


MgO(c) [Mg(OH). dehydrated 2.5 hr at 1,425°C]4-H,O(liq)= Me 
(OH).(e)[MgO hydrated 2 hr with saturated steam at 177° (|): 
AH og 1K = —8.84+0.05 kcal. (14 

Still other values for the heat of hydration of MgO can be ealeulated 
from the present data, for example: MgO (ce) [Me (OH), dehydrated 
2.5 hr at 450° C]+ H,O(liq) = Mg(OH).(c) [MgO hydrated 2.5 hr with 
saturated steam at 177° C]; AlDoys-19K = —9.79 +£0.07 keal. 15 


Even though these equations have been made more definite i: 
their meaning by writing in this manner they are still inadequate in 
that they contain no statement as to the particle size distribution of 
the materials. There is no assurance that different investigators will 
obtain end-products having the same particle size. Differences i: 
particle size may give rise to differences in heat effects because of 
surface phenomena. 

The value —9.79 keal happens to be very close to AFZog¢_jox 9.74 
keal as given by Giauque and Archibald [4] for the heat of hydration of 
MgO to Mg(OH), computed from their excellent heat-of-solutior 
data. However, inasmuch as their sample of Mg(OH), was composed 
of crystals having an average diameter of about 0.2 mm, their value 
should perhaps be compared to —10.03 keal obtained from eq 13, 
which pertains to well-developed crystals of brucite, were it not for 
the fact their MgO was prepared ‘somewhat differently from that 
given in eq 13. They decomposed their Mg(OH), under vacuum at 
300° C, raising the temperature to 350° C toward the end of the de- 
composition. Apparently, this required 10 days or more of heating. 
The MgO used in the present investigation was prepared not from 
brucite but from Mg(OH), obtained with the use of saturated steam 
It is believed that differences in the particle size of the samples ot 
MgO largely account for differences in the heats of hydration of MgO 


TABLE 10.— Heat of hydration of CaO to Ca(OH), as reported by various investigators 


Pemiperature 
| at which the 
Investigators Method determina- 
tion was 
made 


Thomsen [13]_. ._- | Heat of solution | 
Berthelot [14]- —_ ; Heat of solution and heat of neu- 
| tralization. 

Roth and Chall [11] | Heat of solution 
Thorvaldson, Brown, and Peaker [15] |_...-do__. 
Schwiete and Hey [16]. ae ** 
Kohlschutter and Feitknecht [17] | Direct hydration. 
Thorvaldson, Brown, and Peaker [14]_].....do- 
Taylor and Wells ee jes _.| Heat of solution 

Do_. Direct hydration 








“g Heat of Solution of Lime and Magnesia 


The heat of hydration of CaO to Ca(OH), has been determined by 
various investigators by differences in the heats of solution of ¢ ‘aO 
and Ca(OH), in an acid as well as by direct hydration in saturated 
lime water. The results of these determinations are shown in table 10. 

In this investigation the heat of hydration of CaO was determined 
hy both the heat-of-solution and direet method. The heats of solu- 
rion of CaO and Ca(OH). were each determined in two concentrations 
f hydrochloric acid (see tables 7 and 8). Modifying the equations 
in table 7 to describe more definitely the states of the solids, there may 
be written 


CaO (ec) [(CaCOs ignited 4 hr at 1,075° C]-+-28,300 ¢ of 2.085 M HCl 
solution]; Al Joos ox 46.78 keal. (16) 


Ca(OH), (ce) [CaO hydrated 2 hr with saturated steam at 177° C] 
28,300 ¢ of 2.085 Mf HCI—H,O (liq)=solution ; 
AH og, 1K = — 31.23 keal. (17) 


Subtracting eq 17 from eq 16 there is obtained 


CaO (c) [CaCO ignited 4 hr at 1,075° C]4-H,0 (liq) =Ca(OH), (ce) 
(CaO hydrated 2 hr with saturated steam at 177° C]; 
AA ws x 15.55 +£0.07 keal. (18) 


By astmilar treatment of the data for the heat of solution of CaO 
nd Ca(OH), in the more dilute acid, there is obtained for the reaction 
expressed In eq 18 a value of AZo 12x equal to — 15.58 +0.09 keal. 
The average value of AZ/oo5 ..« for this reaction, as determined by the 
heat-of-solution method, is therefore approximately 15.57 +0.08 
keal. 

The heat of hydration of CaO to Ca(OH). was also determined by 
the direet hydration of CaO in saturated lime water. The results of 
two experiments were — 15.38 keal and —15.47 keal, or an average 

f approximately 15.43 -+0.09 keal. The reaction of the direct 
hydration of CaO to Ca(OH), is expressed in the following equation: 


CaQO(e)[CaCO,; ignited 4 hr at 1,075°C]+ H,O(liq) 
Ca(Oll),(e)[Ca(OH), in saturated lime water]; 
AP oes sx 15.43 +0.09keal. (19) 


VIII. SUMMARY 


The heat evolved in the solution of MgO in hydrochloric acid was 
found to decrease as the temperature at which the MgO was prepared 
was Inereased. This is shown in the following equations where the 
values given are those of AH, the increment in the heat content. 

The negative sign, therefore, indicates the evolution of heat. 

McO(e \{Me(OH), dehydrated 2.5 hr at 450°C]+4-17,6380 g of 
2.085 M HCl=solution; AHoog 1x == —36.67 +0.07 keal, and _ ¢) 
(Me(OH). dehydrated 2.5 hr at 1 ,4425°C]+ 17,630 g¢ of 2.08: M 
HCl=solution: AF 30x = — 35.72 £0.03 keal. 

_ The deere Ase in the heat evolved has been attributed to an increase 
ii the particle size of the MgO as the temperature of ignition was 
increased. Sinee X-ray diffraction patterns were similar there ap- 
peared to be no change in crystalline form. The increase in particle 
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size was indicated by a decrease in the rate of solution in the ealorj- 
meter and was verified by sedimentation experiments. 

Heat values have also been obtained for the solution of Me(OH 
CaO, and Ca(OH), in hydrochloric acid. The results are summarize 
in the equations which follow: 

Mg(OI),(c)[brucite]+ 17,630 g of 2.085 M HCIl—H,O(liq) 

solution; a soxk== — 26.64 +£0.01 keal. 


Mg OH).(c)[MgO hydrated 2 hr with saturated steam at 177° (| 
17,630 ¢ ee 2.085 M HCI H.O(liq)=solution; AFD og. yo 26.88 
+0.03 ke: al. 

CaQO(c)[CaCO, ignited 4 hr at 1,075° C]4-28,300 g of 2.085 Mf 
HCI]=solution; AP/oo. yx 46.78 +-0.06 keal. 

Ca(OH).(e)[(CaO hydrated 2 hr with saturated steam at 177 
28,300 g¢ of 2.085 Af HCI—H,O(liq)=solution; AFD. 10x ; 

0.04 keal. 

CaQO(c)[CaCO, ignited 4 hr at 1,075° C]4+ 27,420 ¢ of 0.277 V/ 
HCl=solution; A/foo. 0K == —46.28 + 0.07 keal. 

Ca(OH),(e)[(CaO hydrated 2 hr with saturated steam at 177° C}- 
27,420 g¢ of 0.277 Af HCI—H,O(liq)=solution; AFZo95 1K = — 30.704 
0.05 keal. 

The heat of hydration of MgO to Mg(OH), may vary de pe nding 0 
characteristic properties of both the MeO and Mg(OH):. Thus. 

MegO(ce Mec OH). dehydrated 2.5 hr at 450° C]+H,O(liq) 
Meg(OH),.(e) [brue ined AP] oos. sox = — 10.03 40.07 keal, and 


) 
(C 

MeO(e \IMg(OH), dehydrated 2.5 hr at 1,425° C]4 — 
1 


Me(OH).{[MgO hydrated 2 hr with saturated steam at 177° C): 
AH wk = —8.84+0.05 keal. 

The result of the determination by the heat-of-solution method of 
the heat of hydration of CaO to Ca(OH), is shown by the equation 

CaO (c)[¢ ‘al ‘Os ignited 4 hr at 1,075° C]-4 -H,O (liq) = Ca(OH), 
[CaO hydrated 2 2 hr with saturated steam at 177° C]; Pane 
— 15.57 +0.08 ke val, 
while the following equation shows the result obtained by direct 
hydration of CaO in saturated lime water: 

CaO(c)[CaCO; ignited 4 hr at 1,075° C] t+-H,O (liq) =Ca(OH),(¢ 
(Ca(OH), in saturated lime w ater]; Afogs x= — 15.43 £0.09 keal. 


The authors acknowledge their indebtedness to Frederick D 
Rossini for his many helpful suggestions, to Howard F. MeMurdie 
for obtaining the X-ray diffraction patterns, and to Dana L. Bishop 
for his sedimentation experiments. 
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SEPARATION OF ISOPROPYLBENZENE FROM A_ MID- 
CONTINENT PETROLEUM BY ADSORPTION WITH 
SILICA GEL AND DISTILLATION WITH ACETIC ACID! 


By Joseph D. White,” and Frank W. Rose, Jr.”" 


ABSTRACT 
Isopropylbenzene was isolated from the gasoline distillate of a mideontinent 
etroleum, which boiled between 144° and 154° C, and in which the concentration 
the compound was about 3 percent. By adsorbing the aromatic portion of 
the distillate on siliea gel and distilling the adsorbed material with glacial acetic 
acid, an aromatie concentrate was obtained which, by subsequent fractional 
istillation, yielded nearly pure isopropylbenzene. The physical properties of 
the isolated material were: bp7go, 152.389°C; fp, —96.46°C; d?, 0.8634; n3?, 1.4914; 
le pereent purity, 98.4; compared with bp, 152.38° C; fp, —96.25°C; 
0.8633; 7, 1.4915 for a synthetic sample with a caleulated purity of 99.8 
Je percent. The amount by volume of isopropylbenzene in the petroleum is 
timated to be about 0.03 of the amount of the previously isolated 2-nonane. 
this basis, the isopropylbenzene constitutes approximately 0.03 percent of 
e petroleum. 

ata are given for the azeotropie distillation with acetic acid of a mixture con- 
taining 20 percent of isopropylbenzene and 80 percent of n-nonane. Distillation 
f the aromatie concentrate from the petroleum fraction also gave evidence for 
e presence of n-propylbenzene. Properties of the residual portion of the petro- 

m fraction indicate that it is chiefly composed of naphthenic hydrocarbons. 
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I. INTRODUCTION 


lsopropylbenzene (cumene) was one of the first compounds to be 
to be found in petroleum [1].4 Later investigations [2] have shown 
that this compound constitutes, to a greater or lesser extent, a por- 
tion of the petroleum from all parts of the world. Usually, its presence 


Hancial assistance has been received from the research fund of the American Petroleum Institute. 
's Work 1s part of Project 6, The Separation, Identification, and Determination of the Constituents of 
erly Research Associate at the National Bureau of Standards, representing the American Petro- 
ta 
ociate at the National Bureau of Standards, representing the American Petroleum Institute. 
In brackets indicate the literature references at the end of this paper 


151 





152 Journal of Research of the National Bureau of Standards 


has been detected by means of chemical derivatives, e. ¢., the halides 
sulfonic acids, nitrocompounds, or oxidation products, obtained }yy 
treating a specific fraction obtained by distillation with the appro. 
priate reagent. The detection of isopropylbenzene is an important eo). 
tribution, in itself, to the knowledge of petroleum. However, in th, 
analysis of gasoline by isolating and identifying the individual coy). 
ponent hydrocarbons, the removal of an aromatic constituent is y, 
expedient step to the subsequent analysis of the paraffin and nap)- 
thene hydrocarbons which are assockated with it in the same distillyt, 
A few years ago, Mulany and Watson [3], by sulfonating and hydro 
lyzing a kerosene fraction of Burma petroleum, obtained an aromati 
product of which one of the constituents was isopropylbenzene. — [s) 
propylbenzene does not sulfonate readily in the low concentrations 1 
which it exists in petroleum fractions, and vigorous treatment wit! 
fuming sulfurie acid is necessary in order to remove it. This metho 
is too harsh to use where it is necessary to guard against decomposing 
other constituents which must be left structurally intact. 

The present problem was to remove the small portion of aromati 
material (about 3 percent) from a large fraction of petroleum, and t 
separate it into its components. This was done satisfactorily } 
adsorbing the aromatic compounds, together with some of the aliphati 
hydrocarbons, on silica gel and concentrating the aromatic portio: 
further by distilling the adsorbed material with an azeotropic agen! 
acetic acid. Isopropylbenzene was then obtained from the concep- 
trate by fractional distillation. 


II. PREVIOUS TREATMENT OF THE FRACTION AND 
INDICATIONS OF THE PRESENCE OF AROMATIC CON. 
STITUENTS 


The naphtha fraction from 2,250 liters of an Oklahoma petroleun 
when systematically distilled in the manner described in an earlic: 
paper [4], yielded 73 liters which boiled between 144° and 160° 
(graph I, fig. 1). After extracting the xylenes from the materi 
which boiled below 144° C [5], the residual oil, together with th 
fractions shown in graph I, was redistilled to yield the fractions show: 
in graph I]. The fractions containing the isopropylbenzene boil 
between 144° and 152° C and had a combined volume of 44 lit 
From those which boiled between 146° and 151° ©, 10 liters 
n-nonane was separated by a system of alternating crystallization an 
distillation [4].2 Following the removal of xylenes and n-nonane, tli 
remainder of the material boiling between 130° and 160° C was reiis- 
tilled to realign it with respect to boiling point. The distillation wa 
conducted at a pressure of 215 mm Hg to minimize the possibility o! 
decomposing the oil. The volumes and refractive indices of the hall- 
degree fractions, which distilled between 102° and 110.5° C, are show! 


ters 


‘ A description of the oil is given in BS J. Research 2, 469, table 1 (1929) RP44, and J. Resear 
212 (1935) R PS24. 

5In the paper describing the isolation of n-nonane [4], a distillation curve is given on p 
roneously, was used to indicate the original distillate. Actually, the curve represents the re 
tion of the distillate after extracting the fractions, 141° to 144° C, and after removing a 4.5-liter frac! 
n-nonane from the material boiling between 146° and 151°C. On the same page of the paper, atyp 
error occurs in which the volume of petroleum originally distilling between 130° and 160° C was! 
to be ‘175 liters’’ instead of 125 liters. 
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 feure 2. In all, 31 liters was obtained. The normal boiling points 
vf the fractions ranged from 144.6° to 153.6° C. All of the fractions 
tween 102° and 106° C (bpzs, 144.6° and 149.0° C) were character- 
ied by an odor which suggested that of certain essential oils, and 


vhiech was later found to be associated with the presence of isopro- 
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BOILING RANGE OF FRACTION IN °C(760 mm) 


Volume distribution of the petroleum distillate boiling between 144° and 
1807 C. 

of successive I-degree cuts of the original distillate. Graph II, volumes after extracting 

iterial boiling below 144° C and redistilling the residual oil together with the fraction 





pylbenzene. The change in refractive index, upon treating represen- 
t ative frs vctions with a mixture of nitric and sulfuric ac id, indicated 

t the distillate contained, on the whole, about 3 percent by volume 
of aromatic constituents. The bulk of the distillate was composed of 
mixture of paraffin and naphthene hydrocarbons, as judged by the 
reiractive index of the oil after treatment with the nitrating mixture. 
Lhe oe of the test are shown in table 
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Figure 2.—Volumes and refractive indices of petroleum fractions after removing 
zylenes and n-nonane, and redistilling at 215 mm Hg. 
Lower graph, volume distribution with respect to boiling range; upper curve, refractive indices 
cessive half-degree cuts. 


TABLE 1.— Percentage of aromatic constituents in sclected distillation f 
indicated by their change in refractive index upon nitration 


Refractive index 
Fraction boiling range 215 mm Hg Volume eC 
After 
nitration 


Before 
nitration 


| 
| 
nD nD 
102.5 to 103.0... sekdae 1. 418) 
104.5 to 105.0. iteces and 1. an | 


108. 5 to 109.0 Sid iss 5, 300 1. 4187 


1. 4163 
1. 4254 
1. 4167 | 








1 Assuming n?8= 1.4889 for aromatics. 
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III. ADSORPTION OF AROMATIC CONSTITUENTS WITH 
SILICA GEL 


Methods were considered for separating small amounts of aromatic 
material from hydrocarbon solutions. Previously, liquid sulfur di- 
oxide had been used to extract the ‘“‘xylene fraction” of the petroleum 
[5] which contained about 25 mole percent of aromatic constituents. 
This method, no doubt, could be satisfactorily applied to 3-percent 
solutions, provided an efficient extraction column were used. How- 
ever, reports on the fractionation of petroleum by adsorption with 
silica gel [6] prompted a preliminary study which indicated that ad- 
sorption would be a more satisfactory way to remove aromatic con- 
stituents from dilute solutions. Experiments with mixtures of p-xylene 
in n-nonane showed that gel of 40 to 200 mesh, obtained from the 
Silica Gel Corporation, in Baltimore, adsorbed effectively the aro- 
matic constituent, permitted rapid filtration, and retained only a 
relatively small amount of unadsorbed oil. The capacity of the gel 
was such that a 100-g sample adsorbed 10 ml of p-xylene from a 5- 
percent solution, the capacity varying somewhat with the concentra- 
tion of aromatics in the solution being filtered. As an outcome of these 
experiments, a method was developed for separating petroleum frac- 
tions with silica gel, and was used to remove the aromatic constituents 
from the petroleum distillate indicated in figure 2.° 

The distillate was treated with silica gel as follows: Fractions with 
narrow boiling ranges, and with approximately the same concentration 
of aromatic material, were filtered through Pyrex tubes, each contain- 
ing about 400 g of gel. This quantity of gel was sufficient to remove 
the aromatic constituents from 1 liter of a 4-percent solution. Com- 
plete removal of the highly refractive aromatic hydrocarbons was 
judged partly by noting that the lowered refractive index of the filtered 
oil matched that of a sample which had been freed from aromatic 
material by nitration, and partly by refiltering the oil through fresh gel 
and noting that its refractive index remained virtually unchanged. 
The portions of filtrate having these properties were stored as being 
free of aromatics. As more and more of the distillate filtered through 
a given column of gel, the refractive index of the filtrate, which was 
tested at intervals, eventually began to rise towards that of the oil 
being filtered. At this point the gel was nearly saturated. The column 
was then allowed to drain, after which a large portion of the oil adher- 
ing to the gel by surface tension was displaced downward by adding 
distilled water at the top of the column. The sharpness with which 
the adhering oil could be displaced by this action of the water de- 
pended on the diameter of the filtering tube. At first, in order to 
hasten the filtering process, tubes were used which held columns of 
gel 8 cm in diameter and 25 em high. These were soon rejected be- 
cause channeling of the gel necessitated extra filtering of the oil, and 
also resulted in unsatisfactory separation of the oil adhering to the 
gel from that which was adsorbed. Later, tubes were used which 
held the same amount of gel, but which measured 2 by 200 em. When 
well drained, these columns retained approximately 170 mi of oil, of 
which 100 ml of the adhering portion could be displaced with water. 
After this displacement, the gel was flushed from the tube with a 


* Later, an extended study of the separation of synthetic mixtures of hydrocarbons with silica gel was 


Made by B. J. Mairand one of the authors. A detailed account of this study has already been published [7]. 
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stream of water delivered under pressure, and the adsorbed portion of 
the oil was recovered by gently distilling the gel suspension wit! 
steam. The wet gel was reactivated by tri ansferring it to a P vre 

tube, sucking it as dry as possible, and then heating it in an oven fo) 
24 hours at a temperature of 300° to 350° C while air was drawy 
through it. 

Table 2 shows the data for the filtration of the petroleum distillat, 
The loss by volume in the process was 2 percent. By this method the 
aromatic material was completely separated from the distillate and 
concentrated into a fraction whose volume was less than a tenth, of 
that of the original. However, the aromatic constituents comprised 
only a third of the adsorbed fraction, a condition resulting not only 
from the i imperfect separation of adhering oil from the : adsorbed por- 
tion, but also from the nature and composition of the liquid being 
filtered. The remainder of the adsorbed material consisted mainly of 
naphthene hydrocarbons, but it also contained some gum which had 
formed in the distillate during the 3 years it had been stored prior to 
filtration. 


Taste 2.— Volumes and refractive indices of the distillation fractions before and a 
filtering through silica gel 


Volume Refractive inde 

| j 
Boiling range at 215 min Hy | After filtering 
before filtering | r | Lost in | 
efore the pro- 
cedure 


| Before 
filtering | | filtering 
| Filtrate | Adsorbed | 


102.0 to 103.5 
103.5 to 106.0 
106.0 to 107.0 
107.0 to 108.0 
108.0 to 108.5 
108.5 to 109.0 
109.0 to 109.5 
109.5 to 110.5 





Total 102 to 110.5 


IV. PRELIMINARY SEPARATION OF THE AROMATIC 
COMPONENTS FROM THE ADSORBED MATERIAL BY 
EXTRACTION 


In order to concentrate further the aromatic constituents, a trial 
portion of the adsorbed material was batch-extracted with liquid 
sulfur dioxide in four stages. The immiscible fraction, which con- 
sisted chiefly of nonaromatic hydrocarbons, was filtered through 
silica gel to remove the remaining portion of aromatic material. The 
combined sulfur dioxide layers, in turn, were batch-extracted with 
petroleum ether, in the manner described by Tausz [8], until they no 
longer contained nonaromatic constituents, except the solvent. petro- 
leum ether. After re moving the sulfur dioxide, the low-boiling 
petroleum ether was separated from the aromatic ‘material by fra 
tional distillation. Data on the extraction are given in table 3. 

Although the extraction effected a separation, in that substantially 
pure aromatic material was obtained, the data indicated that the 





—— 
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procedure would not be satisfactory for treating small batches of oil, 

use of the relatively large portion of intermediate material. The 
catia was therefore rejected in favor of a more convenient one 
based on azeotropic distillation. 


nie 3.-—-Data indicating the degree of fractionation of the adsorbed material 
hen subjected to batch-extraction with liquid sulfur dioxide and petroleum ether 


raction | Volume 


cible 
ether extract 
et 25 SSH Nearly 106 


of refractive index. 
volume after a relatively large loss. 


DISTILLATION OF THE ADSORBED MATERIAL WITH 
ACETIC ACID 


had been observed, while distilling a petroleum fraction (boiling 
it 136° C) with an excess of acetic acid, that the hydrocarbons in the 
last distillate in which oil was present consisted chiefly of xylenes [9]. 
This behavior was attributed to the difference in boiling points of the 
eotropie mixtures of the acid with the constituent paraflin, naph- 
thene, and aromatie hydrocarbons [10]. To ascertain if azeotropic 
distillation would be practicable for separating the aromatic com- 
ponents from the gel-adsorbed material, a synthetic mixture of oil, 
containing 75 ml of isopropylbenzene and 300 ml of n-nonane, was 
distilled with 1,500 ml of acetic acid, through a Pyrex column having 
30 plates equipped with bubbling caps. A reflux ratio of 20:1 and a 
distilling rate of 40 ml an hour were maintained. After measuring 
their boiling points with a calibrated mercurial thermometer in a 
Cottrell boiler, the 100-ml fractions were diluted with 4 volumes of 
water to separate the oil. The oil was then washed and its aromatic 
content determined by refractive index. Experimental data for the 
distillation are given in table 4. 
from this experiment, it was observed that the minimum boiling 
point of the fractions containing n-nonane and acetic acid was 112.6° 
to 112.7° C; of those containing only isopropylbenzene and _ acetic 
acid, 116.7° to 116.9° C. The acetic acid boiled at 117.8° C. The 
lirst seven — contained most of the n-nonane, and consisted 
of two layers at 25° C. The eighth fraction, which contained 1 part 
of 1 spropylbenzene to 9 parts of n-nonane, was homogeneous at 
25° © but formed two layers when cooled to 22° C. The remaining 
frac ly which contained the isopropylbenzene and but little n-nonane, 
were homogeneous and remained so on cooling until crystals of 
acetic acid appeared. The fractions in which the n-nonane was 
concentrated contained about 1 volume of oil in 3 volumes of dis- 
tillate. Those in which isopropylbenzene was concentrated con- 
tuned 1 volume of oil in 6 volumes of distillate, and, at 25° C, had 
specific gravities of 1.00 or slightly greater. Of the n-nonane, about 
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TasiLe 4.--Experimental data from the distillation (760 mm Hg) of a mizture ep) 
taining 75 ml of isopropylbenzene and S00 ml of n-nonane with excess acetic acid 
= | 
Boiling 
point of 
“*aze0- State at 25° C Volume of oil 
tropic”’ 
distillate 


loom 
Refractive | *‘ 


Volume of 
index of oi] | - 


distillate 





ne 
a eta ee a . 4040 

d TIES : . 40375 | 
7: | eee ere 3. i . 4037 
| ees aes 4: bie - 40865 
a, | Se ae . 4036 





_.do a : 1036 
..do RN i 10385 
Homogeneous. . K : 1107 
| a h 4816 
do- 2 . 4884 








_.do : ; : — {S84 
do 4.5 : . 4884 
do Emulsion only 


a — 


| 7. ae eee Be ae 





Contained sludge_.-- 











® Boiling point at 760 mm Hg; relative only. 
> Distillation interrupted after removing this fraction. 


99 percent was recovered by diluting the acid solution with water, 
but of the isopropylbenzene, 5 percent was held in the form of stable 
emulsions when the fractions containing it were diluted. However, 
the oil in the emulsions could be recovered readily by distillation 
with steam. 

Since distillation with acetic acid effected a sharp separation of 
the components in the synthetic mixture, this method was used to 
obtain a further separation of the gel-adsorbed material, as well as 
to remove the aromatic constituents from the petroleum fractions 
which boiled between 154° and 162° C [11].’ 

Before applying the method to the gel-adsorbed material, one other 
experimental distillation was made with a mixture of the acid and a 
pap of the filtrate from the gel treatment, which boiled between 
108.5° and 109° C. This was done in order to observe the azeotropic 
be havior of the naphthenes present. It was found from this experi- 
ment, that the fractions of acid distillate containing the constituent 
pars affins and naphthenes boiled within the range 112.4° to 113.4° C. 

ach fraction, when cooled, changed from a homogeneous state into 
two liquid phases, at temperatures ranging from 29° C for the initial 
ones to 17° C for the end ones. Those in which naphthenes were 
concentrated were homogeneous at 25° C, had specific gravities 
ranging from 0.925 to 0. 930, and contained about 35 ml of oil in 100 
ml of solution. 

As a result of this added information, the gel-adsorbed mater ial 
described in table 2 was distilled with acetic acid. Each fraction of 
adsorbed material constituted the bulk of the oil distilled at one 
time. The quantity of acid used was 500 ml in excess of the amount 
required to distil the oil if the latter were assumed to be entirely 


7 Concurrently, a study was made by S. T. Schicktanz of the azeotropism exhibited by a number of aro- 
matic hydrocarbons, as well as paraffinic and naphthenic hydrocarbons, with acetic acid [12]. 
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naphthenic. ‘This practice permitted all of the oil from any one 
fraction to be treated at a time. The amount of acid used was not 
sufficient, however, to distil all of the aromatic material, since for 
this purpose a much greater proportion of acid is required. With 
this exception the procedure for the systematic distillation was as 
described for the test experiment. Fractions were grouped accord- 
ing to the temperatures at which they separated into two layers on 

oling, or according to their specific gravities,’ those containing 
nly nonaromatic material in one group, and those containing aro- 
matic compounds in another. The oil was then recovered by wash- 
ing out the acid. Intermediate fractions were added to the next 
istillation. The still residue, which contained all impurities of the 
oil, besides some aromatic material, was mixed with water and dis- 
tilled with steam in order to recover the aromatic constituents from 
he resulting stable emulsion. Most of the oil from the steam dis- 
‘illate was composed of aromatic compounds, but the last few percent, 
which was difficult to distil, had properties similar to those of kerosene. 
lhe gum remained in the distilling flask. Table 5 gives the experi- 
mental data for a typical distillation. 


Bxperimental daia from the acetic acid distillation (760 mm He) of the 
‘sorbed material from the petroleum fraction boiling between 103° and 106 


Imm He 


bee ; | : Refractive | Boiling 
Volume of | gotution temperature 2 | Volume index of | point of oil 
| of oil | 


Fraction number distillate | 


est 


oil (760 mm He) 


| | 
| | 
ml , | ml 
760 | 29 to 19 | 270 
645 | 19 to 18 230 1280 
110 | Above 17 | 38 1302 | 
105 | Below 12 | 30 . 4460 
| 105 | Crystals at 13 | 19 1843 
| 620 lo A | 6105 {S80 6152. 
| 335 |. . €145 1890 | € 164 
| 
' 


| 





ture at Which the fraction, when cooled, changed from a completely miscible state into two 
| See text. 
opropylbenzene concentrate. 
is fraction was obtained by steam distillation. A final fraction of 10 ml was obtained by exhaustive 
which had an index of 1.4995 and boiled above 200° C, 


rt 


‘he properties of the fractions of aromatic material, obtained from 
the distillation with acetic acid, are given in table 6. The boiling- 
point data (column 4) indicate that most of the isopropylbenzene, 
DPr, 152.4° C, was present in the distillate boiling between 102° and 
l)8° C at 215 mm Hg. This fact indicates that, under the given 
onditions, isopropylbenzene distilled below n-nonane, bpzyo, 150.7° C, 
which accumulated in the fraction 108° to 109° C.® 


‘Temperatures at which the fractions containing nonaromatic material separated into 2 layers ranged 
from about 30° C down to 17°C. Their specific gravities varied between 0.925 and 0.940, at 25° C. ‘The 
‘chions containing aromatic material, however, were homogeneous at much lower temperatures and 
rmed ace tie acid crystals when sufficiently cooled. Their specific gravities were always near 1.00 and 
t less than 0.99, 
t he fact that, upon fractionation of petroleum, the aromatic constituents accumulate in the distillat 
‘ing below their boiling points has often been observed and is now generally accepted. Formerly, Sid- 
hey Young pointed this out in the ease of toluene, J. Chem. Soc. 73, 918 (1898). That the phenomenon holds 
‘or aromatic hydrocarbons in general has been observed by members of this project, BS J. Research 6, 363 
131) RP 280; 9, 711 (1932) RP 601, and by Tongberg, Fenske, and Sweeney, Ind. Eng. Chem. 30, 166 (1938) 
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TABLE 6.— Volumes and properties of aromatic material recovered from t} 
adsorbed portion of the petroleum distillate by distillation with acetic acid 


Aromatic fraction from acid distillation 


Petroleum fractior | 


bp 215mm H¢ | | | Boiling 
Volume | Source | point | 
(760 mm H_)} 

| 


| Refractive 
index 


C 
102 to 103.5 ot Distillate } 150.9 
_do 152.5 | 
Residue (?) 164.0 | 
- 75 Distillate 151. ¢ 
106 to 107 5 | Residue 155.3 | 
107 to 108 Distillate 154 
108 to 108.5 0 | Distillate and residue | 157 
108.5 to 109 Oh | do 157 
| Distillate 157 
| Residue 160. ( 


103.5 to 106 


109 to 110.2 


Total 102 


VI. FURTHER FRACTIONATION AND ANALYSIS OF THE 
MATERIAL FILTERED THROUGH SILICA GEL 


After the removal of 900 ml of 3-methyloctane from the materia! 
which was filtered through silica gel and which boiled between 102 
and 103.5° © [13], the remaining portion, together with the filtrate 
which boiled in the region 103.5° to 110.5° C, and the  paraflin- 
naphthene fraction from the acid distillation of the gel-adsorbed ma- 
terial, was subjected to further fractionation by distillation. The 
pressure maintained was 215 mm Hg as before, but the columns used 
were 2.5 m high, were packed with locket chain [14], and had tive equiy- 
alence of 60 to 70 theoretical plates [15]. 

Results of the distillation are shown in figure 3. The volumes of 
the successive half-degree fractions are indicated in the lower graph. 
Small additional volumes of distillate obtained as headings from redis- 
tillation of that portion of the petroleum which boiled above 110.5° | 
[11] are denoted by the stippled areas. The lower curve in the figur 
gives the normal boiling point of each of the fractions distilled at 2! 
mm Hg. Itis to be compared with the broken line just below it (‘‘bp- 
of paraffins’) which passes through the normal boiling point of 3- 
methyloectane, 144.2° C, and that of n-nonane, 150.7° C. 

It is apparent that a petroleum fraction, having the same boiling 
point at 215 mm Hg as a given mixture of the paraffins, has a higher 
normal boiling point than the mixture. The difference is attributed 
to the presence of naphthenes in the petroleum, these compounds 
exhibiting a greater change in boiling point with pressure than the 
paraffins. A ‘wide space between the curve and broken line shows 
that the petroleum fractions, boiling in the region indicated, consist 
chiefly of naphthenes. Where the curve and line converge, a predom- 
nance of paraffin hydrocarbons is indicated. The refractive index 
curve at the top of the figure shows clearly that the distillate in the 
region 103° to 107° C is “predominantly naphthenic, the indications 
being that two or more compounds of this nature are present. Other 
evidence indicates that the lower -boiling one has a normal boiling 
point between 145° and 147° C. The low value of 1.414 for the re- 
fractive index of the 8-liter fraction boiling between 108.5° and 109° ' 
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NiGure 3.— Volumes, boiling points, and refractive indices of aromatic-free petroleum 
fractions after removing n-nonane and redistilling at 215 mm Hg. 


the graph at the bottom shows the volume distribution with respect to boiling range of the material at 
‘omin Hyg. Lower curve, normal boiling points of successive half-degree cuts; upper curve, refractive in 
CE For significance of the broken line below the boiling-point curve, see text. 
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is attributed chiefly to the presence of n-nonane, left from its fractioy, 
tion, and to some of two naphthenes, one of which boils near 150° ( 
the other above 153° C. Naphthenes which boil in the region {47 
to 154° C include an isomeric 1,2,3-trimethyleyclohexane, the met}, 
propyleyclopentanes, the propyleyclohexanes, and the methylethy|. 
cyclohexanes. Some of these may be present in the distillate, whic 
awaits further resolution.!° 
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FicurE 4.—Fractionation by distillation of the aromatic concentrati 


Lower curve, boiling points; upper curve, freezing points of successive distillation fra 


VII. ISOLATION AND PROPERTIES OF ISOPROPYLBENZENE 


The aromatic concentrate, obtained by adsorption on silica gel and 


by subsequent distillation with acetic acid, as described in section I\ 
was filtered through silica gel to remove condensation products, mois- 
ture, and traces of acetic acid. It was then distilled through a 2.5-n 
column packed with jewelers’ locket chain [14]. The results of thi 
distillation, which wasconducted at 215-mm Hg pressure to avoid deco! n- 
position, are given in table 7 and figure 4. The boiling point ie 
at 109.4° C in the distillation curve (lower graph) of figure 4 is in 
tive of isopropylbenzene. The freezing points of the successive cuts 
of the distillation are shown in the upper graph of figure 4. The 
fraction of the constant-boiling material (No. 11) having the highest 
freezing point, —96.5° C, was set aside as the best fraction of iso- 


to Tongberg, Fenske, and Sweeney have briefly discussed the composition of the distillate, boilit 
region 145° to 155° C, of a number of closely fractionated gasolines, and have reached conclu 
ours regarding its naphthenic nature [16]. 
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propylbenzene. An effort was made to obtain an additional quantity 
of the compound, equal in purity to the “best by distillation’, by 
opystallizing the less pure fractions from dichlorodifluoromethane 
“Preon-12”’), but the attempt was not successful because of the 
jimited amount of material. 

The cooling curve of the best fraction obtained by distillation is 
compared with that of a synthetic sample of isopropylbenzene a ip 
jeure 5. The small temperature ranges in which the samples froze 
‘ndicate a relatively high degree of purity. 

\ | | | | 
\ | 


ail 

\ \ 96.25 | a | Stirrer stopped5 | 

; | v mo | 

a eS eee 

\ Ti a ~ 
, 
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i —— — | ie 
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\ 
| 
| 





Isopropylbenzene 


renee ne ee 
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I - Synthetic somple 
I- Petroleum sample 














| 
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12 16 20 2 32 
TIME IN MINUTES 


Lime-temperature cooling curves of samples of isopropylbenzene. 


ABLE 7.—Mesults of the distillation of the aromatic concentrate 


Volume : | 
cs Germ Boiling | Refractive 
point ¢ | dex @ 
. ie (215 mmHg) ana 
Fraction | Total | . | 
| 
ml ml °C | 
24 24 | 104 
106. 
107. 
108 
108 
109 


109. : 
10%. ¢ 
109 
10. ¢ 
109 





111. ¢ 





ly 
rved freezing point 
ls from dichlorodifluoromethane (see text). 
5° (3. 


t 19 


ynothetic isopropylbenzene was obtained from Prof. E. E. Reid of The Johns Hopkins Un.- 
fractionated in a still having a 5-m spiral column, which was coated with carborundum and 
ith a vacuum jacket and reflux regulator. From the fractions having constant-boiling points 
ve Indices, those with nearly the same freezing point were combined and recrystallized from 
Nuoromethane to produce the “best” synthetic fraction. 
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Other properties of the two samples are compared in table § wit}, 
those reported for the compound in the literature. The excelle,; 
agreement is regarded as conclusive identification of the isopropyl- 
benzene isolated from petroleum. 

One other point concerning the distillation of the aromatic eo). 
centrate should be noted. The fact that the material in the boiling. 
point plateau, at 115.7° C, of the distillation curve (fig. 4) had freezing 
points, while fractions between 109.4° and 115.7° C did not, is strong 
evidence for the presence of another compound, probably n- propyl. 
benzene. 


TABLE 8.-- Comparison of properties of tsopropylbenzene from petroleum with thos, 
for synthetic samples 


| 
Refrac- Mole per 
tive centage 
index purity @ 


Boiling point Freezing | Density 


Sample 
Sample (740mm Hg) | point | at 20°C 


20 
g/ml "p 


| 
| 
} 
Petroleum: | 
| 40.8634 
| 
| 


Fraction 11, table 7 
Synthetic: 


| 

‘1.49142 | 
White and Rose 

| 

| 

| 


| 
| 
} 
| 
| 
| 
| 
| 
| 
| 
| 


A $633 | * 1.49157 

Smittenberg, lioog, and | 
Henkes * 

Timmermans « 

International Critical Tables 


eo 


ye 


152. 50 to 152. 55 | 


1. 4912 


i | | 
| | 

# Calculated on the basis of a heat of fusion of 2.1 Keal/mole, estimated by analogy with those for 
aromatic hydrocarbons. 

> J. Am. Chem. Soc. 60, 18 (1938). 

¢ Bul. soc. chim. Belg. 36, 503 (1927) 

4+0.03°C,. Determined by E. R. Smith of the Physical Chemistry Section of this Bureau in 
Swietoslawski ebulliometer. dt/dp=0.0507 +€.002° C/mm. 

¢ Determined in a Cottrell boiling-point apparatus relative to the petroleum sample. 

‘ Initial observed point using a spiral-coil platinum resistance thermometer of 25 ohms. — Extraj 
initial freezing point, —96.22° C. Freezing point for 100.0 mole-percent isopropylbenzene, —¥ 
mated from the freezing- curve. ‘See W. P. White, J. Phys. Chem. 24, 393 (1920). 

* Melting point: —96.1° C, 

4 Determined by the Division of Weights and Measures of this Bureau. Ad/At=0.00085/°C ( 

* +0.00005. Determined on a calibrated Abbe refractometer (Valentine design). 

17, 47 (McGraw-Hill Book Co. Ine. N. Y., 1930). 

* Value obtained from readings on the compensater drum of an Abbe refractometer (Spencer Let 
and the tables furnished with the instrument. 

‘ Value obtained from data on nr and ne at 16.8° C by assuming the specific dispersion to be ¢ 


VIII. CONTENT OF ISOPROPYLBENZENE IN THE 
PETROLEUM 


Isopropylbenzene is present to only a small extent in the Oklahoma 
petroleum under investigation. Its amount by volume is estimated 
to be about 0.03 of the amount of the previously isolated n-nonane 
[4]. On the basis of the earlier estimate of 1 percent for the content o! 
n-nonane in the crude oil, isopropylbenzene constitutes roughly 0.( 
percent of the original petroleum. A more nearly correct value will 
be assigned to the actual content of isopropylbenzene, and the othe! 
constituent hydrocarbons, when a summary [17] of the complete 
analysis of the naphtha fraction is made. 
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SEPARATION, BY DISTILLATION WITH ACETIC ACID, 
OF THE AROMATIC HYDROCARBONS FROM THE FRAC- 
TION OF A MIDCONTINENT PETROLEUM BOILING 
BETWEEN 154° AND 162° C.! 

By Frank W. Rose, Jr.” and Joseph D. White ** 


ABSTRACT 


{ method is presented for the separation, by distillation with an azeotropic 
avent, acetic acid, of narrow-boiling petroleum fractions into concentrates con- 
taining (1) a mixture of paraffins and naphthenes and (2) the aromatic hydro- 
carbons. This procedure simplifies the subsequent task of separating the individ- 
il components and is applicable to petroleum fractions boiling in the range 130 
to 175° C. Data are given on the behavior of synthetic mixtures of n-nonan 
nd isopropylbenzene with acetic acid. xcept for about 10 percent of inter- 
nediate material, the separation of these mixtures in a 30-plate glass column is 

rhly quantitative. 

lhe systematic distillation, with acetic acid, of the fraction of an Oklahoma 
etroleum boiling normally between 154° and 162° C resulted in a paraffin- 
uaphthene mixture and an aromatic concentrate. Traces of aromatic hydro- 
carbons were removed from the paraflin-naphthene mixture by adsorption on 
silica gel. Redistillation of the aromatie concentrate with acetic acid removed 

but the aromatie hydrocarbons. By proper reeyeling of the intermediate 
fractions, only about 1 percent of the entire fraction remained not allocated to the 
concentrates. Distillation of the paraffin-naphthene mixture as oil at 215 mm 
lig showed (1) paraffinie constituents boiling near 157° C and (2) napthenie con- 
stituents boiling near 161° C. On distillation of the aromatic concentrate, the 
major portion of the distillate had a boiling range of 158.5° to 164.5° C, about 5° 

gher than that of the material from which it came. Apparently this material 
contains n-propylbenzene and the methylethylbenzenes as well as higher boiling 
trimethylbenzenes. 
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I. INTRODUCTION 


The systematic examination of the gasoline fraction of a crud 
petroleum may be considerably simplified if, after distillation |p 
produced cuts boiling over moderately narrow ranges, such fraction 
are then separated into several concentrates containing differen 
classes of hydrocarbons.* The concentrates can then be redistilled 
and subsequently treated in a manner appropriate to the individu 
constituents?” 

The following report describes azeotropic distillation with aceti 
acid as a method for the separation of aromatic hydrocarbons fron 
the paraffinie and naphthenic hydrocarbons. It is shown that th 
various members of each class (within a narrow-boiling range) manifest 
approximately the same behavior towards the reagent. 


II. PREVIOUS METHODS OF SEPARATING AROMATIC 
HYDROCARBONS AS A CLASS 


1. CHEMICAL METHODS 


Karly in the investigation of petroleum, the reactivity of aromatic 
hydrocarbons led to the use of chemical methods for their detection 
and estimation. The first investigators of petroleum employed cither 


; 


nitration or sulfonation, customarily treating a petroleum distillat 


7 f¢ { 


having a narrow-boiling range with an acid or mixture of acids 7 [3,4 
However, nitration is limited to those instances in which the procedur 
yields either a single product or a mixture of products that can by 
identified and analyzed (as by freezing point [5]). The presence of 
isomeric parent hydrocarbons in the original fraction, or the lack of a 
definite end product in the nitration, obviously increases the dilli- 
culties of analysis. Hence the method is most feasibly applied to 
benzene and toluene. Nitration possesses several disadvantage 
(1) the original aromatie hydrocarbon cannot be easily recovered: 
(2) the nitrating mixture may destroy labile constituents; (5) de- 
hydrogenation (by oxidation) of the polysubstituted cyclohexane: 
can occur with such a mixture;* and (4) the last traces of acid are 
removed with difficulty from the unattacked oil. If dehydrogenatio: 
occurs, not only are some components possibly lost but the presence 
of others may be falsely indicated. The effect of residual traces 0! 

§ Throughout this paper, the mixture of paraffinic and naphthenic hydrocarbons of a particular ! 
range, remaining after the removal of all aromatic constituents, is referred to as the paraffin-n 
mixture 

‘This separation is feasible either before or after the removal of the normal paraffins by crys! 

5 Ficures in brackets indicate the literature references at the end of this paper. 

6 The problem of the separation of petroleum into its constituent hydrocarbons has been discussed 
more general aspect by Washburn |1] and more recently by Rossini [2]. 

In this report no attempt will be made to give details of the various processes discussed, nor 

be given to an extensive lilerature. However, when such methods have been used by this pr 
priate references will be made 

* V. Baeyer [6] has shown that on treatment with nitrie-sulfuric acid mixtures some of the hydroge 
aromatic hydrocarbons yield nitro compounds of the corresponding aromatic hydrocarbon. ‘Thi 
have obtained, by this method, trinitromesitylene from 1, 3, 5-trimethyleyclohexane [7]. 
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aeid is noticed on redistillation, where they seem to have a catalytic 
oifeet on the eracking of the oil i in the still pot. 

The process of sulfonation is somewhat an: alogous to that of nitra- 
tion and has many of the same disadvantages, although it can be used 

| many instances to separate isomeric aromatic hydroe arbons.” The 
resulting sulfonic acids may be converted to the barium salts or the 
ufonamides, with subsequent identification, or may be hydrolyzed 
with recovery of the parent aromatic hydrocarbon. As some benze- 
noid hydroe ‘arbons do not re: adily react with sulfuric acid, eare must 
be taken to insure their complete removal from the paraflin- naphthe ne 

ixture. Further, the action of sulfuric acid may alter the positions 
af the side chains of the higher aromatie hydrocarbons (Jacobsen 
reaction). 

Another method for the detection of aromatic hydrocarbons is the 
formation of aromatic acids by oxidation of the side chains. An ob- 
ection to this method is that the only information to be gained is the 
relative positions of the side chains, leaving indeterminate the length 
and structure. 

2. PHYSICAL METHODS 


Hxtraction is one of the physical methods which can be used for 
the separation of the aromatic hydrocarbons as a group. Many sol- 
vents which have been used for this purpose, include liquid sulfur 
dioxide [8, 9, 15], liquid sulfur dioxide and petroleum ether [9, 16], 
aniline [4], and many others. However, both the miscible aromatic 
phase and the immiscible paraflin-naphthene mixture will be con- 
taminated by mutual solution unless an apparatus is used which has 
re(lux and a large number of theoretical plates [17, 18, 19]. 

Selective adsorption can be utilized to remove aromatic hydrocar- 
bons. The aromatic hydrocarbons can be quantitatively removed 
from the paraffinie and naphthenic consituents by adsorption on silica 
vel 20, 28], but its limited capacity renders the method impractical 
for aromatic concentrations above 7 to 8 percent. 

A very promising process for the separation of aromatic hydrocar- 
bons from a petroleum distillate is distillation with an added com- 
ponent. By the formation of binary azeotropic mixtures, the original 
ratio of the various classes may be materially altered in the vapor 
pliase, and separation becomes possible. This general procedure has 
been used to separate hydrocarbons by addition of methyl aleohol 
‘1, 22], ethyl aleohol [22], tert-butyl aleohol [26], and acetic acid 


III. ACETIC ACID AS AN AZEOTROPIC AGENT 
1. BEHAVIOR WITH SYNTHETIC MIXTURES 


Acetic acid as an azeotropic agent to separate paraflinie and naph- 
thenie hydrocarbons has been used by Schicktanz [23], who pointed 
out that it fulfills the requirements of an azeotropie agent in that it 
does not react with, nor polymerize, the hydrocarbons, is pote and 
quantits tively removable from the hydroe arbons (by washing with 
water), and is inexpensive and readily available. Although having : 


ee White and Rose [8] (xylenes), Mair and Schicktanz [9] (trimethylbenzenes), Smith and coworkers 
', 12] (tri- and tetramethylbenzenes), Clarke and ‘T'aylor [13] (xylenes), Arm trong and Miller [14] 


" 
eral 
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low-boiling point (118.1° C), it forms azeotropes with petroleum 
hydrocarbons over a considerable range and may be used successfully 
with hydrocarbons boiling from 130° to 175° C [25]. ; 
During a separation of the paraffinic and naphthenic constituents 
occurring in a fraction of petroleum normally boiling between 135° 
and 140° C, the authors found that the last fractions of certain distil]a- 
tions of paraffin-naphthene mixtures with acetic acid had abnormally 
high refractive indices (see [24], p. 946, footnote 7). Investigation 
indicated the presence of aromatic hydrocarbons thought to haye 
been completely removed previously by extraction with liquid sulfur 
dioxide, followed by treatment with concentrated sulfuric acid. 
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liGURE 1.— Data from the distillation of synthetic mixtures of n-nonane and isopropyl- 
benzene (concentration indicated) with acetic acid. 
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The scale of ordinates gives, for the upper graph, the boiling points in degrees centigrade at 760 mm H 
of the acid-oil distillates; for the lower graph, the refractive indices of the oil fractions after separation fro 
the acid. The scale of abscissas gives the volume percentage of oil distilled on the basis of recovery. 


The complete removal of these last traces of aromatic hydrocarbons 
by this procedure suggested a general application of the method to 
the separation of aromatic hydrocarbons from paraffin-naphthene 
mixtures. Accordingly, a synthetic system was investigated, using 
n-nonane (previously isolated from this petroleum and designated 
as Lot II [27] boiling point 150.5° C) and synthetic isopropylbenzene 
(from Eastman Kodak Co., boiling point 152.5° C). These com- 
pounds were not of the highest purity (about 95 percent) but were 
pure enough to be regarded as substantially single components. 
The first mixture investigated contained 10 percent of isopropylben- 
zene and 90 percent of n-nonane. A charge of 500 ml of this mixture 
was distilled with 1,700 ml of glacial acetic acid (commercial grade). 
The results are given in table 1 and figure 1. 
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Results of the distillation of a synthetic mixture of n-nonane 
and isopropylbenzene (10 percent) with acetic acid 
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In the lower portion of figure 1, the curve marked 10 percent shows 
the data plotted as volume percentage of oil distilled (on the basis of 
recovery) against refractive index.’® Fractions 1, 3, 5, 7, and 9 had 
slight differences in refractive index (table 1, column 5) which were 
caused by traces of naphthenic material in the n-nonane. Fractions 
2,4, 6, 8, and 10 were washed with water as a single unit and had a 
refractive index of 1.4088. Thus, approximately 85 percent of the n- 
nonane was recovered, free of aromatics. The loss of 18 ml (4 percent) 
may be ascribed to handling and to the slight solubility of the aro- 
matic hydrocarbons in the acetic acid-water phase formed on dilution. 
A method for minimizing the latter loss is described in the systematic 
procedure. See section LV.) 

To determine the effect of concentration, a charge (375 ml) econtain- 
ing 20 percent of isopropylbenzene was distilled with an excess of 
acetic acid. The results are given in table 2 and figure 1 (curve 
marked 20 percent). The percentage of the n-nonane (free of aro- 
matics) recovered, and the amount of intermediate material, was 
relatively the same as in the previous distillation. The size of the 
intermediate cut might have been less in both eases had the distillation 
iractions been smaller. The boiling points of the fractions of this dis- 
tillation are shown graphically in the upper portion of figure 1. The 
tise of boiling point at the end of the distillation indicates a fractiona- 
tion of the acetic acid-isopropylbenzene azeotrope and pure acetic acid. 
the boiling point curve is similar to that for refractive index, and hence 
is Indicative of the relative concentrations of the two components. 

ll refractive indices in this report are for 735 


79859—38—_—4 
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TABLE 2.— Results of the distillation of a synthetic mixture of n-nonane (SO per 
and isopropylbenzene (20 percent) with acetic acid 


Volume | Satine 
; om al per- 
Fraction number . Total oil | Refractive prorat 
| | ; 
Distillate @ | | distilled 


8 
v 


10 





11 | 18 362 | 4884 | 97 
12 2/4 | 366 | ii 100.0 
] | | 

l 


3 
{ 


Residue 


* Acid and oil. 

>’ On basis of recovery 

¢ Relative only 

4 Formed emulsion on dilution (1:1) with water, 


2. BEHAVIOR ‘WITH PETROLEUM FRACTIONS 


(a) DISTILLATION FRACTION 


A criterion of any process for the separation of a petroleum into it: 
various classes of hydrocarbons is that all members of a class behave 
similarly. Schicktanz [25] has shown that, for hydrocarbons having 
approximately the same boiling point at 760 mm Hg, the boiling 
points of the corresponding azeotropes with acetic acid fall in the 
order paraffin <naphthene <aromatic hydrocarbon, and that class 
distinctions can be validly made. In a closely fractionated cut of 
petroleum, the components will have substantially the same boiling 
points and their azeotropes may be expected to follow the order 
predicated, and to yield results comparable to those found for the 
binary mixtures." 

To test this hypothesis, a fraction from the systematic distillation of 
the gasoline fraction of a midcontinent petroleum (the source and 
treatment of which are described in section IV, 1) boiling between 
110.5° and 111.0° C at 215 mm Hg, or approximately 154°C at 760 
mm Hg, was distilled with acetic acid. The results are given in 
table 3 and figure 2. The gradual rise in the refractive index curve 
(fig. 2) to the 90- -percent point shows a slow separation of the paraffinic 
and naphthenic constituents, while the sharp break indicates a fairly 
complete separation of the aromatic hydrocarbons. The high re- 
fractive index of the last 8 percent indicates that it is chiefly aromatic 
and that no considerable portion of paraffinic or naphthenic mate rial Is 
present. Nitration of a sample of the original material (n% 1.4314 
yielded an unattacked oil, which, after distillation from sodium, had 2 
refractive index of 1.4254. The change in refractive index would 


1! A fraction which has a wide boiling range may include a naphthene whose boiling point at 760 mm H 
much higher than that of some aromatic hydrocarbon present that there may be an overlapping 0! | 
boiling points of the corresponding azeotropes with a resultant lack of separation. 
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indicate a2 concentration of about 9 percent of aromatic hydrocarbons 
and agrees with the data from the acetic acid distillation. 
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2.-- Data from the distillation of a petroleum fraction boiling between 
and 111.0° Cat 215 mm Hg (154° C at 760 mm Hg) with acetic acid. 

f ordinates gives, for the upper graph, the boiling points in degrees centigrade at 760 im Hg 

| distillates; for the lower graph, the refractive indices of the oil fractions after separation from the 
ile of abscissas gives the volume percentage of oil distilled on the basis of recovery. 


Results of the distillation of a petroleum fraction (bp 110.5° to 111.0° C 
at 215 mm Hg) with acetic acid 


| | 

Total | ‘‘Azeotro- 
| percentage | pic’’ boil- 
| distilled > | ing point ¢ 


Volume 


j 
| 
ae » | Refractive 


Distillate | 


np 

1. 4119 
4142 
4172 
4212 


. 4239 


| 
| 
i 
| 
| 


. 4281 

4301 
. 4308 
. 4319 
. 4328 





. 4363 | 
. 4738 
. 4853 | 
4874 
. 4906 99.8 


i... | d . 4909 100.0 | 
Trac ie 1. 4901 | 
No oil Nate ae Ed | 


> Acid and oil. > On basis of recovery. ¢ Relative only. 
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Filtration of the combined fractions 1 to 10 through silica gel ey, 
no significant separation, and showed that the oil was free of aromatic 
hvdroearbons. This portion, comprising 83 percent of the origina] 
charge, was designated as the paraflin-naphthene mixture. Ty, 
intermediate portion (fractions 11, 12), constituting 10 percent of ¢]y 
charge, could have been cut more closely, but broad limits were {ixe, 
to prevent inclusion of partially separated material in either conce; 
trate. All intermediates, from this and subsequent distillations, wer 
appropriately redistilled (see section LV), thus avoiding the accumuls- 
tion of any considerable stock that was not allocated to one or thy 
other of the concentrates. The last portion (7 percent) was consic- 
ered “nromatie concentrate.” 


(b) AROMATIC CONCENTRATES 


The aromatic concentrates resulting from the application of the 
method, outlined above for the trial run, to the cuts from the sys 
matic distillation (see section IV) still contained small amounts of the 
paraflin-naphthene mixture, as judged by refractive indices. Cons 
quently, to eliminate such impurities, the aromatic concentrates wer 
redistilled with acetic acid. However, the lowest- boiling aromatic 
hydrocarbons form azeotropic mixtures with the acid in the app rOoXi- 
mate proportions (by volume) of 1 part of oil to 12 parts of : oT 
fractions 4, 5, 6, table 4), and azeotropes of the highe ay com- 
pounds contain considerably less oil (see [25], data for mesitylene 
Hlenee, less than 250 ml of oil could be charged in a still pot having 
capacity of 2.5 liters if the entire charge were to be distilled as th 
azeotropie mixture. ‘Treatment of 5 liters of concentrates by this 
method would be tedious and would involve h av losses in handling 
beeause of the solubility of the aromatic hydrocarbons in the dilute 
acetic acid solutions necessarily formed on separating the oil. Hence 
the volume of acid used was purposely limited to little more than that 
required to completely remove the nonaromatic portion. Various 
concentrations of acid were tried with the following results: (1 
acid:2 oil *-had apparently an inadequate quantity of acid since th 
refractive index of the last possible distillate’ was below that for 
aromatic hydrocarbons; (2) 3 acid:1 oil—gave very poor separatio! 
(this was satisfactory for the untreated petroleum distillate); and (3 

1 acid:1 oil, or 2 acid:1 oil—gave oe? actory results. The data of 
cco distillation are given in ms le4. The charge consisted of 1, 
ml of acetic acid and 800 ml of ve aromatic concentrate removed 
from distillation cuts whose note boiling range was 117° to 118° ¢ 
(215mm Hg). Fraction 7 and the residue were assumed to contain 
only aromatic hydrocarbons. The head fractions were appropriate!) 
combined with similar fractions from other distillations of aromatic 
concentrates and again distilled with acetic acid, to yield results 
analogous to those listed in tables 3 and 4. 

This method can also be used in the separation of aromatic hydro- 
carbons from concentrates obtained by other means. T he author 
have used distillation with acetic acid to separate an “isopropyl: 
benzene” fraction from a concentrate (30 to 50 percent aromath 
obtained by adsorption on silica gel [28]. 

ire expressed in terms of volume. 


won as the last of the seotrente mixture leaves the still pot, ebullition ceases because th 
he remaining oilis about 45 higher (about 162° C at 760 mm Hg). 
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Results of the distillation of an aromatic concentrale with acetic acid 


Potal per 
centage dis-} ic’ 
distilled 


Refractive 


tion number | Total oil ‘dex 


{and oil. 
isis of recovery 
ive only 


IV. EXPERIMENTAL PROCEDURE 
1. DISTILLATION 


The souree and preliminary treatment of the fraction from the 
ideontinent (Oklahoma) petroleum used in this investigation have 
been deseribed elsewhere [2S]. After six distillations through glass 
‘columns (three at 760 mm He followed by three at 215 mm lig), 
24-liter fraction was obtained which boiled in the range 110. 5° to 
118°C at 215 mm He (154° to 162° C at atmospheric pressu ay A 
Lips vlass bubble-eap column having 30 plates (inedium size) [29], 

id operated at a reflux ratio of 10:1 and a rate of 1 ml/min, was used 
n both the oil and aeid distillations. 

\ routine charge for the acid distillation consisted of 1,500 to 1,7 
ml of acetic acid and 500 ml of oil. However, the half-degree cuts 
rom the last systematic distillation as oil were not mixed; insten 

vller quantities of oil with the same proportion of acid were charged 
ie nl necessary. The distillate was taken off in fractions of approx- 
inately LOO ml, and the boiling point of each fraction determined with 
in externally heated modified Cottrell boiling-point apparatus, 
designed by S. T. Sechiektanz. The distillation was continued for 
only a few euts of 100 ml after the break in the boiling point curve 
had occurred (see figs. land 2). After the still had cooled, the column 
was cleared of liquid insofar as possible by a gentle application of 
vacuum to the still pot. Then about 300 ml of acetie acid was added 
the top of the column. This procedure left the column filled only 
ee the acid and insured the return of any aromatic material in the 

Jumn to the still pot. The column was again cleared of liquid as 

as possible and the oil and the remainder of the acid for the next 
en were added to the still pot. Heat was then applied and, after 
several hours of total reflux, the distillation was continued. ‘The 
residue, ineluding any material sucked down from the column, was 
removed at the end of every fifth charge or when the final charge of 
naterial from any half- degree cut had been reached. 

A variation in the usual technique was introduced advantageously 
Whenever the still was empty and clean; e. g., at the start of a sys 
ematic distillation or when a single distillation was to be mande. 
\t the start of a distillation, the water in commercial glacial acetic 
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acid causes difficulty in the operation of the still by clogging stopeocks 
and capillaries (as in reflux regulators) as well as by forming a ternary 
azeotrope with the acid and oil, which interferes with the normal 
progress of separation. The acid may be dehydrated by charging 
the still with an excess of acetic acid and distilling off the additions! 
acid before introducing the oil. The first distillate contains the water. 
leaving the acid in the still anhydrous. The oil can be charged whe: 
the still has cooled. 

On completion of a distillation, the distillate was divided into three 
portions on the basis of boiling point: (1) the paraffin-naphthene 
mixture, (2) the intermediate fractions, and (3) the aromatic con- 
centrate. As pointed out in section III, 1, the boiling point is a 
measure of the aromatic content, after due consideration has bee 
given to the influence of naphthenes. On this basis, the fractions 
adjacent to the abrupt change in boiling point are intermediate in 
composition. Thus the division was made by locating the break ani 
allotting the fractions immediately above and below it to “inter- 
mediates,”’ while all of the distillate boiling below the intermediate 
portion became “paraflin-naphthene mixture” and that above, “aro- 
matic concentrate.” 


2. TREATMENT OF THE PARAFFIN-NAPHTHENE MIXTURE 


The fractions from the acid distillation designated as paratlin 
naphthene mixture were combined, diluted with four times. thei 
volume of water, the emulsion was allowed to stand until clear, and 
the oil separated. The oil was then washed several times with wate 


and finally with a saturated solution of sodium bicarbonate. Al 
similar material from each half-degree cut (as of the previous system- 
atic distillation as oil) was combined and filtered through silica cel 
to remove water and any traces of acetic acid or aromatic material 
The filtration through the silica gel was carefully watched and an) 
later portions of a fraction which showed a rise in refractive index 
were refiltered. Ste am distillation of the gel was employed to insur 
quantitative recovery of the material adsorbed by the gel. 

Generally, the material adsorbed by the gel was only 0.01 higher 
in refractive index than the filtrate, which indicated only traces o! 
aromatic material. Occasionally, however; the refractive index of 
the adsorbed portion was suffic iently high (1.450) to show the presence 
of some aromatic constituents. On completion of the treatment with 
silica gel, the aromatic portion of the adsorbed material from the 
entire range, 110.5° to 118° C, was separated by a distillation with 
acetic acid. 

An approximate estimate of the aromatic material recovered led to 
the conclusion that the paraffin-naphthene mixture had contained, 
on the average, 1 percent of aromatic hydrocarbons after the acetic 
acid distillation. It is believed that most of this aromatic impurity 
could have been eliminated by better grouping of the fractions in the 
systematic distillation. 

The paraflin-naphthene mixture, after filtration through silica ge! 
was distilled as oil (without an added component) at 215 mm i 
under the conditions given above. The results are discussed } 
section V. 
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3. TREATMENT OF INTERMEDIATE FRACTIONS 


The fractions, designated above as intermediate, were not separated 
from the acetic acid but were redistilled, the separation being com- 
parable to that attained in the original acetic acid distillation. _ The 
procedure was identical with that followed in handling the original 
fractions. Whenever possible, the charges consisted of intermediates 
from the same half-degree cut (as of the previous distillation as oil). 
However, Where it was necessary to mix intermediates from different 
lialf-degree euts, the results were similar. The paraflin-naphthene 
mixture obtained from the redistillation of the intermediates was 
treated with silica gel and appropriately blended into the bulk of the 
paraflin-naphthene mixture during distillation as oil at 215 mm Ig. 

An additional amount of paraffin-naphthene mixture was obtained 
from: (1) the distillation with acetic acid of the material adsorbed 
by silica gel and (2) the purification of the aromatic concentrate (see 
below). ‘These fractions were combined, treated with silica gel, 
distilled as oil at 215 mm Hg and blended according to boiling point 
with the bulk of the paraflin-naphthene mixture during the systematic 
distillation as oil at 215 mm Hg. By this method, less than 150 ml 
of intermediates was left from the entire range. 


4. TREATMENT OF THE AROMATIC CONCENTRATES 


In the discussion (see section LV, 1) of the manner in which the 
acetic acid distillate was apportioned, all material boiling above the 
‘intermediate’? was considered aromatic material. Moreover, since 
only a few fractions were distilled after the intermediate fraction, the 
major portion of the aromatic material remained in the still pot. 
Since the residues were not removed after each distillation, aromatic 
hydrocarbons accumulated in the still pot. This was desirable be- 
eause it avoided extensive washing of the aromatic concentrate, with 
attendant losses. The losses occurring in the separation of the oil 
from the acetic acid by dilution with water are due, in part, to the 
solubility of the aromatic hydrocarbons in the dilute acetie acid, as 
well as to the formation of very stable emulsions. It was found, how- 
ever, that one simple distillation of the separated aqueous phase 
concentrated the aromatic hydrocarbons which were dispersed, as 
well as dissolved, in the dilute acetic acid. The first few milliliters 
of the distillate consist of a ternary azeotrope, oil-acetic acid-water, 
which on condensation and cooling separates into two layers. Hence 
all the dilute acetic acid from the separation of the aromatic concen- 
trate Was so treated. The 200 ml of oil recovered was combined with 
the bulk of the aromatic concentrate. The desirability of this pro- 
cedure lies in its economy not only of material but also of time, since 
long delays in allowing the emulsions to clear are avoided." 

In section I11,2(b), in which the purification of aromatie concen- 
trates is discussed, it is shown that other classes of hydrocarbons can 
be removed from the aromatic concentrate by a redistillation with 
acetic acid. Consequently, the entire aromatic concentrate was so 
treated to remove the last of the paraflin-naphthene mixture. Pre- 
cautions were observed against mixing over too great a boiling range.” 

* The solubility of the paraffin-naphthene mixture in dilute acetic acid is negligible and does not warrant 


‘Similar treatment. 
'S Reasons for care in blending are given in footnote 11. 
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The aromatic concentrate, now freed of other hydrocarbons 
filtered through silica gel to remove gums, acetic acid, water, 
odorous material. The filtrate was then systematically distilled 
oil at 215 mm Ifg in columns packed with 240 cm of locket chain 
60 to 70 theoretical plates) at a rate of less than 0.5 ml per minute 


and a reflux ratio of 30:1. The results are given in section V, 3. 


V. RESULTS 


1. ORIGINAL MATERIAL 


The volumes and refractive indices of the 0.5° © cuts of gasoline 
distillate used in this investigation and described in section 1V,1 
3, respectively, ot tas £. etd a Ge 
In figure 3, the relations 


eiven in columns 2 and 


points at 760 mm He are given in column 4. 
of volume and refractive Index to boiling range are illustrated by the 
“original.”’ The refractive index curve is. almost 


eraphs marked 
entirely above 1.485. This is an excellent indication (for this regio: 


of the presence of aromatic hydrocarbons. 


Panie 5.-—Results of the systematic separation by azeotropic distillation 
petroleum distillate boiling normally between 154° and 162° C 


& range of | Volume 


lsmm He (760 min 


| 


| 
Ee re 


$s thp 


® Relative only. 
* Composite from weighted val 
¢« From nitration tests. 


the concentration of aromatic 


ol 


Before distillation with acetic acid, 
constituents was investigated by nitration tests on small samples 
The refractive indices of the unattacked oil 


the original distillate. 
column 7. All 


(after distillation from sodium) are given in table 5, 
cuts tested ¢g rave three layers with the nitrating acid. 
From the difference in the refractive indices of the original and the 
unattacked oils, the concentrations of aromatic hydrocarbons in the 
various cuts may be estimated. However, any destruction of naph- 
thenic material present would lead to an abnormally low refractiv 
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index of the unattacked oil and consequent positive errors in the esti- 
mates of the concentration of the aromatic hydrocarbons. 
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le of ordinates at the lower left gives the volume in liters, for each 0.5° C cut, of the original un 

distillate (shaded curve) and the weighted values for the aromatic hydrocarbons therein (stippled 

Nhe scale of ordinates at the upper right gives the refractive index of the original untreated dis- 

rele ind the weighted values for the paraflin-naphthene mixture therein (dot The scale of 
ves the boiling ranges of the fractions (taken in 0.5° C euts) 


2. PARAFFIN-NAPHTHENE MIXTURE 


As described in section IV, each 0.5° C eut of the original distillate 
Wis separated into an aromatic concentrate and a paraflin-naphthene 
mixture, Systematic recycling of the intermediates yielded further 
unounts of these concentrates. By consideration of these minor 
tmounts in relation to the bulk of the concentrates from each 0.5° 
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cut, weighted values of the volumes and refractive indices of the 
paraffin-naphthene mixtures as hypothetically existing in each frae- 
tion of the original distillate, were derived. These are given jy 
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Ficgure 4.—Data on the paraffin-naphthene mixture originally boiling between 110.5 
and 118.0° C at 215 mm Hg (154° to 162° C at 760 mm Hg) showing (1) the hypo- 
thetical occurrence in the untreated distillate (unbroken curves) and (2) the dis- 
tribution after separation by acetic acid and a subsequent oil distillation (broker 
curves). 

The scale of ordinates at the lower left gives the volume in liters and that at the upper right giv 
fractive index of each 0.5° cut. The scale of abscissas gives the boiling ranges of the fractions (taken | 
cuts). 


is the re 


table 5, columns 5 and 6, respectively. The refractive indices ar 
possibly slightly high, because traces of aromatic constituents later 
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removed by silica gel were present. The data are shown graphically 
in figure 3. The weighted volume of the paraffin-naphthene mixture 
is the difference between the volumes of the original distillate (un- 
broken curve) and the weighted aromatic concentrate (broken curve). 

As noted in section IV, 2, the paraffin-naphthene mixture was freed 
of aromatics and systematically distilled as oil at 215 mm Hg. Since 
the conditions reproduced those of the systematic distillation preced- 
ing the separation by acetic acid, no additional efficiency in separa- 
tion should be manifested in the distillation of the paraffin-naphthene 
mixture other than that attributed to the existence of a simpler system. 
it is therefore of interest to contrast the behavior of the paraflin- 
naphthene mixture during distillation in the presence and absence of 
the aromatic constituents. 


Results of the distillation as oil at 215 mm Hg of the separated concen- 
trates 


Aromatic 
concentrate 


Original oil | Paraffin-naphthene mixture 


rarge of fraction } | | - | : 


Siam) Hg Boiling 


Volume Ref. index | Volume | Ref. index | point (760 Volume 
| | | mm Ig 


2k 
Ny 


*» Relative only. 
’ Material recovered from intermediates of wide boiling range. Intermediate not separated —45 ml 


In figure 4, the solid curves represent the weighted volumes and 
refractive indices of the paraffin-naphthene mixtures as they hypo- 
thetically existed in the original distillate. These curves may be 
assumed to represent the conditions existing when the vapor-pressure 
relations of the paraffin-naphthene mixture are modified by the 
presence of aromatic hydrocarbons. The data on the systematic 
distillation of the paraffin-naphthene mixture as oil at 215 mm Hg 
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are given in columns 4 and 5 of table 6, and are shown graphically by 
the broken curves for volume and refractive index in figure 4. Theg, 
broken curves illustrate the behavior of the paraffin-naphthene miy- 
ture in the absence of the aromatic constituents. 
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hiGgure 5.—Data on the aromatic concentrate originally boiling between 
and 118.0° Cat 216 mm He (164° to 162° C at 760 mm Hg) showing 
hypothetical concentration in the untreated distillate (unbroken curves 
the distribution after separation by acetic acid distillation and a subse 
distillation (broken curves). 

The scale of ordinates at the lower left gives the volume in liters and that at the upper right, oe refr 
lex of each 0 ul. The seale ef abscissas gives the boiling ranges of the fractions (taken it 
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‘1GURE 6.— Data on the concentration of aromatic hydrocarbons in the ( 
treated distillate boiling between 110.5° and 118.0° C at 215 mm Hg (154° to 162 
at 760 mm Hg). 


The scale of ordinates gives the aromatic content in percentage by volume. The scale of absci 
the boiling ranges of the fractions (taken in 0.5° cuts 


The curves of figure 4 show that better resolution of the system 
(paraflin-naphthene mixture) was attained after removal of tli 


aromatic hydrocarbons. ‘The existence of fewer components should, 
of course, tend to yield sharper separation. The improved resolution 
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is evidenced by the greater range in refractive index and the sharp- 
vss of the peak at 117.0° to 117.5° C in the volume-boiling range 
irve. Hlowever, the data form no basis for conclusions conce ning 
e formation of azeotropes. The maxima and minima in the broken 
irves of figure 4 may be interpreted as indications of a paratlinic 
ee which boils near 117° C at 215 mm He (161° © at 7 
doo ) and of one or more naphthenic constituents which boil near 
t 215 mm He (157° C at 760 mm He)."® 


4} 
‘) 


3. AROMATIC CONSTITUENTS 


In the previous section, weighted volumes of the 
trate separated from each 0.5° C out of the original stimiates 
These data appear in column 9 of table 5, and graphic jeally as the 
broken curve for volume in figure 3. The curve is repeated in figure 
jon a larger seale (unbroken curve) and is to be contrasted with the 
broken eurve in figure 5 which re presents the relation of boiling point 
to volume of the same material after distillation as oil at 215 mm Ig, 
the data for which appear in table 6, column 7.) The refractive 
indices of all fractions except a few initial cuts were greater than 
1.490 and varied but little. 

Figure 6" shows that the distribution of aromatic hydrocarbon 
quite general. 

The curves of figure 5 show that the bulk of the aromatic concen- 
trate is found in fractions of the original oi! having boiling points 
considerably lower than the true boiling points of the aromatic hydro- 
earbons. ‘This result is analogous to those obtained previous in- 
vestigations of aromatic hydrocarbons in this petroleum [8, 4, 8]. 

The shape of the volume-boiling point curve combined with an- 
alogies from the behavior of the xylene fraction [8] suggests that the 
aromatic concentrate contains n-propylbe nzene, p-, m-, and o-methyl- 
ethylbenzene, as well as mesitylene. This material 
investigation. 


‘omatie conce N- 


is how under 


VI. CONCLUSIONS 


The feasibility and advantages of the use of azeotropie agents, in 
particular acetic acid, have been shown to be valid for the separation 
of aromatic hydrocarbons from a petroleum distillat rom the 
degree of resolution obtained, it appears that the relation existing 

beinieais the concentrations in the liquid and vapor phases is consid- 

erably more favorable than — rage ome red in a simp le. distilla- 
tion Without an added component; , the se paration factor is high.’ 
That is, in the phase diagram for tt components where te ae erature 
is shown as a function of concentration, the se paration of the y 
ie liquid lines is large and the concentration is radically alt 

he operation of one theoretical plate. If such w ere not the e: 
‘eparation into almost pure paraflin-naphthene mixture and 
wromatic concentrate could not be attained in a still with only 
25 theoretical plates. 


vapor 
red by 
ise, a 
"pure 
about 


heberg, Fenske, and Sweeney [30] make similar conclusions from the distillation of a nu 
laphthas 

PE Teentages attached to cuts having small volumes may be considerably in error. 

‘ toslawski [31] p. 101, states that a mixture of binary azeotropes, on distillation, behaves as though 
sed of individual components which either obey Raoult's law or give only slight deviation 


Mt also discusses the addition of an “‘azeotropizer”’ to a series of chemically related substance 
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From the data given in this and previous papers [24, 25, 28], it may 
be concluded that the method of distillation with acetic acid es; 
also be successfully employed on the xylene fraction (130° to 145° ( 
and on the trimethylbenzene fraction (162° to 176° ©). 


The authors take this opportunity to acknowledge the aid of 8. 'T 
Schicktanz in the supervision of the distillation, and for his suge 
tions during the development of the method. They are also gratefy! 
for the interest and encouragement of F. D. Rossini, Director 
API Research Project 6. 
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EXTENSION AND REVISION OF THE ARC 
SPECTRUM OF SILICON 
By Carl C. Kiess 


ABSTRACT 


ew survey has been made of the spectrum emitted by neutral silicon atoms. 
ed wave lengths and intensities are given for 400 lines between 1565 A in the 
violet and 12270 A in the infrared. The fine strueture of some red and infra- 
es that appear diffuse when emitted by the ares in air has been resolved by 
the light source in an atmosphere of nitrogen at reduced pressure. 
vy all the lines have been classified as combinations between known and new 
t and triplet terms required by atomic theory. These terms belong to va- 
rious series of three or more members each and yield accordant results for the 
value of the ground state 8p °P, of Sir. This value, 65743 em-!, corresponds to 
ionization potential of 8.11 volts. Most of the observed silicon lines longer 
3000 A and many that are not emitted in the are but are predictable from 
correspond to faint Fraunhofer lines heretofore unidentified. 


tie terms, 
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I. INTRODUCTION 


The published deseriptions of the are speetrum of silicon show that 
its principal features appear in the ultraviolet and in the infrared. 
Only a few lines He in the visible region. Fowler’s | work, nearly 10 
vears ago, brought to light an extensive spectrum, in the Sehumann 
region, that results from combinations between the ground states of 
the atom and various higher energy states. Several years later this 
work was supplemented, at the National Bureau of Standards,’ by an 
extension of the speetrum into the infrared as far as the photographic 
inethods would allow. Since that time new types of photographic 
plates, brought out by the Eastman Kodak Research Laboratories,* 
have made it possible to record the spectrum out to 12270 A, nearly 
000 A beyond the limit reached in the earlier investigation. The 
new data have led to new classifications of the are lines of silicon and 
dive suggested corrections of older classifications. As a conse- 
quenee of the new findings, a resurvey of the entire spectrum has been 
made, the results of which are presented below. 

Fowler, Proc. Roy. Soc. (London) [A] 123, 422 (1929). 


C. Kiess, BS J. Research 11, 775 (1933) RP624 
>. G. Brooker and G. H. Keyes, J. Franklin Inst. 219, 255 (1935) 
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II. EXPERIMENTAL PROCEDURE 


The prism and grating spectrographs of the National Bureay os 
Standards were employed to photograph the are spectrum of silijeo: 
from wave length 1976 A, in the ultraviolet, to 12270 A in the infray, ( 
The region from 2124 to 1976 A was recorded with the Hilger 
spectrograph, which gives a a dispersion ranging from 1.5 A/mm ty 
{A/mm in this region. The more powerful prism spectrogr: ph, als 
by Hilger, and carrying a large 60° Cornu prism in combination wit! 
a 30° reflecting prism, in I, 185 mounting, was used in the rane 
from 3000 to 2120 A, the dispersion varying from 2 A/mm to 0.4 A/mp 
The gratings used for the photography of the longer waves were thy 
ones ruled by Anderson with 7,500 lines per inch and the one by Row- 
land with 2). 000 lines per inch. Adequate dese riptions of them hav 
been given elsewhere.* When the observational work described 
this paper was nearing completion, a third grating, by R. W. Wood 
ruled with 30,000 lines per inch on an aluminized Pyrex mirror, beeany 
available, and was used to photograph the spectrum from 2200 to 
S600 A. 

The light souree with which most of the observations were made 
was the are in air between lumps of commercial silicon about 95 
percent pure. ‘The currents in the are ranged from 6 to 15 amper 

supplied from 2 220-volt d-e circuit. Many of the silicon are lines ij 
the red and infrared are diffuse and hazy when emitted by the are ii 
air and are always superimposed upon a background made up of a 
mixture of impurity lines and band lines due to SiO. These conditions 
make it impossible to detect the close and faint satellites that aecom- 
pany some of the stronger lines. Accordingly, a series of obser 
tions was made with the silicon are enclosed in atmospheres of nitrox 

at various low pressures ranging from 25 to 350 mm of He. Th 
are chamber was a re — tion of that described and illustrated by 
Curtis.© In order to keep the low-pressure observations free froi 
blends with lines of pthoies Pm a search for highly purified silicon was 
instigated, and when the problem was brought to the attention o! 
Rt. L. Templin, he very generously donated for the work a piece of 
the cast silicon rod described by him.’ Later, when more electr 
material was needed some highly purified silicon granules were mad 
available by J. H. Critchett, of the Union Carbide Researeh Labor 
tories. This material was alloyed with a small amount of pure sily 
and cast into rods through the courtesy of W. H. Swanger and A. / 
Dornblatt of the Metallurgical Division of this Bureau. 

In addition to the observations described above, there were a\ ails bh 
for measurement several spectrograms covering the Schumann re; 
These observations were made “especially for this investigation 
A. G. Shenstone of Princeton University, with the normal-incidene 
vacuum spectrograph of the Palmer Physical Laboratory. This i- 
strument carries a 2-m glass grating ruled with 30,000 lines to 
inch by Wood, and gives a dispersion of 4.2 A/mm. The source was 
an are of approximately 3 amperes between electrodes of metalli 
silicon cut from the piece supplied by Templin and operated in pur 
nitroge n at atmospheric pressure. No trace of the confusing sili 


1)\ 
I 


‘Ww. F. Me er ind kK. Burns, BS Sci. Pap. 18, 191 (1922) S441. 
§R. W. Wood, Nature 140, 723 (1937) 

6 il D. Curtis, J. Opt Soc. Am. 8, 697 (1924). 

7R. L. Templin, Metals and Alloys 3, 136 (1932) 
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Are Spectrum of Silicon LS7 


ide bands appears on any of the exposures, which ranged from 2 to 
-> minutes’ duration. 

\feasurement of all the plates described above was done with the 
comparators at the National Bureau of Standards. All the spectro- 
‘rams made at the Bureau bore also the iron or copper spectra to 
furnish the reference standards for the reduction of the wave lengths; 
but, in general, there were sufficient numbers of iron lines present as 
impurities in the silicon exposures to serve as internal standards of 
reference. The wave lengths of the reference lines were those that 
have been adopted as international secondary standards * or were 
elected from the lists of Burns and Walters. ° 

For the Princeton plates no comparison spectrum was available. 
The preliminary wave lengths, derived from the nitrogen and carbon 
lines that were present as impurities among the silicon lines, were 
subsequently corrected by amounts derived from term values based 
on the measurements of National Bureau of Standards spectrograms 
of silicon. 

III. RESULTS 
1. WAVE LENGTHS AND INTENSITIES 

Only those wave lengths of silicon that have actually been measured 
at the National Bureau of Standards are given in the first column of 
tubles | and 2. For most of the lines these values represent the 
means of 2 to 10 determinations. For the diffuse and hazy lines no 
creat precision is claimed and errors as great as 0.10 A may be present. 
for the sharper lines, however, that were measured on the high- 
dispersion spectrograms, it is believed that the errors are not greater 
than 0.0L A. This is indicated by a comparison of the strong ultra- 
violet lines with the interferometer observations made at the Alle- 
cheny Observatory,” which shows a mean difference of +0.003 A 
between the two sets of determinations. 


PanLe 1.—-Wave lengths in the are spectrum of silicon emitted by the arc-in-air 


| Intensity Rees PyaccIn7! Term combination 





12270. 50 8147. 40 4s *P3—4p 3D; 
12103. 46 3. 47 8259. 84 4s 3P?—4p 3D, 
12031. 4¢ 2! 8309. 25 4s 3P3—4p 3D, 
11991. ; 8336. 91 4s §P§—4p 3D, 
11984. $ : $342. 04 4s 3P7}—4p 3D, 


11821. 8 8456. 64 
11640. 58 S588. 31 3d 3P§5—4f 3D, 
LIGL1. 4¢ . 65 8609. 80 3d °P3—4f 3D 
11607. 4: 8612. 82 4p 'D,—4d 'P; 

. : oe 3d 3Pi—4f 3D, 
11591. 95 ‘ 2. ee as 

' 8624. 3d 8P}—4f 3D, 


11502. 94 ‘ 8691. 0: 3d *P3—4f *D, 
11485. 68 2b 8704. 4p 'D,—4d 'F§ 
11468. 54 8717. 3d Fi —4f 3F, 
11308. 45 2b 8840. 5: 3d 3F3—4f 3, 
11290. 01 10b 8854. 96 3d 33 —4f #F, 
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K. Burns and F. M. Walters, Pub. Allegheny‘Obs. 8, 27 (1930); 8, 39 (1931). 
N.E. Wagman, Univ. Pittsburgh Bul. 34, 333,(1937). F. J. Sullivan, Univ. Pittsburgh Bul. 
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Wave lengths in the arc spectrum of silicon emitted by the arc-in-air—Con. 
Ore Intensity Xe rvaccm* Term combination 
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TABLE 1.— Wave lengths in the are spectrum of silicon emitted by the arc-ir 
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Wave lengths in the are spectrum of silicon emitted by the arc-in-air—Con. 
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1.— Wave lengths in the are spectrum of silicon emitted by the arc-in-a 
Noir Intensity ? YvaccM—! Term combinatio; 
| 


2514. 320 100) 39760. 22 | 3p 3Py—As 8P; 
5 8906 39878. 3p 3P,— 4s 8P3 
92.12 |: 10768. 3p >P,— 4s 1P 
“7 ae 10914. | 3p3P,;—4s'1P 
‘oo | 40991. | 3p%Py—4s'P 


160 | 41052. 3p! D.—8d 31 
3. 03 | 43407. 3p 'Sy—4d Ih 
295.40 | | | 43551. ¢ 3p 1D,—3d 3] 
| 
3] 


. 08 13635. 3p 1D.—3d 
. 61 | | §=43662. 3p 'Sy— 5d 3D5 
8. 30 13878. 3p 'So Bp 
1.70 | 14200.82 | 3p'D, 
, 8 } 14242. 28 | 3p 'S 
. O14 25r 15053. 3p 3P, 
5. O52 | 50r | 45070. 5: 3p 3P, 


i. 670 50r | | 45098. 6: 3p 3P, 
.737 | or | 45199. : 3p 3P, 
.880 | 100r | 45216. 7: 3p 8P, 
. 972 Zor | | 45276. 3p 3Py 


— i #4 | 45914. 3p IS) 


74 7 | 46116. 3p 'So 
13. 78 10b | 46200. 86 3p 'So 
3 5 

I 


5 | 46487. 6 3p IS 
3 | 46542. 18 3p ISo 
100r 47063.58 | 3p'D, 





LA 
) 


( 





10 17OSS8. 4: 3p 'D» 
7 17127. 7: 3p >P, 
1h 47275.46 | 3p 3P, 
5b 47529. 6 3p So 
2 17735. 3p Sy 


20 | 17958.49 | 3p'D 
15 | | 48015. 15 3p 'D, 
| 48354.42 | 3n3P, 

18399.15 | 3p3P, 

48500. 32 | 3p 3P, 


48572.18 | 3p'!D. 
48650.65 | 3p 3P, 
19711. 3p 3P, 
19773. 3p 3P, 
50203. 82. | 3p! 1) 








1988. ; 50276. 27 3p 3P2 
1985. : 50342. 84 |} 3p 3P; 
1983. 8! : 50391. 30 3p 'D 
1982. 6 ; 5042: | 3p 3P; 
1980. 50488. 3p 3P, 





1978. : F 50524. 9: 3p 3P, 
1976. 96 : 50566. O08 3p 3Py 
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Wave lengths in the arc spectrum of silicon emitted by the arc-in- 
nitrogen 


Inten- 
sity VeaceM 


, | ‘Perm combination 


51021. 44 3p 
51151. 94 3p 
52502. SO 3p 
52594. 48 3p 
52759. 03 3p 


62811. 13 | op 
52820. 06 3p 
52834. ! 3p 
52974. : 3p 
53138. 92 | 3p 3d 'F3 


53164. ¢ | 3p 3d IP§ 
533 10. 3p 3d Ips 
53337. 33 »— 6s I Pj 
53387. 1! 3P)— 3d 'P% 
53618. 1 | 5 9-— 5d 3P3 


538711. 46 | 3 5d 38Pj 
53961. 6 3p 38P)— dd 3D 5 
53981. 6 1d 315 
DAOOL. | »— 5d 'D3 
54034.19 | SP, — 4d 3 D3 


51090, 5s 3 PF 
54107. 8! 3p3 td 3D} 
54128. OS ‘ 13 Ds 
54167. § 3 5s 3P3 
54184. 3P, td 31} 


“yn a 54236. 58 3Pi 
17 54304. 4 3P,— 58 3P3 
16 54313. 58 3P)— 5s 3 Pi 
.00° | y 54347. 8: ‘ »— 5d 3F3 
OO 54406. 3 5d 3F3 


54450. 8 3 5s $P3 
54648. ; 58 1P7 
54793. é | 5s Pj 
54870. 3P)>— 58 ' Pj 
55009. 44 | ; »— 5d 'P% 


55124. | 1]).— 6d 3 D5 
55126. It ‘ Yo— Od IEG 
55262. 

55277. 6 3p 'D.— 6d 3 D3 
55295. | ys — 7s *Pj 


55582, 11 | 7s 'P3 
55638. 18 | 6d 3Pi 
55857. 16 | < —— 6a 1] 5 
56050. | 6d FS 
56078. | 6d 3k 


56279. ‘ »— 4d 'D3 
563389. 2 

56425, 76 td 15 
56467. 1 1d *P3 
56477. td *Pi 


SIs! 
eS ie ie | 
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TABLE 2.— Wave lengths in the arc spectrum of silicon emitted by the arc-in- 
nitrogen—Continued 


Inten- 


AvacA sity 


VyaccIn! Term combination 


1769. 78 : 56504. 20 3p 1D2.—6d 'F3 
1769. 60 56509. 95 3p 'D.—8s Pj 
1766. 34 : 56614. 24 3p *P, —4d #P3 
uit sie a 3p 1D.—8s *P; 
1766. 56624. 18 3p 3P,— 4d *P3 
1765. 82 ’ 56630. 92 3p 'D.—6d 'Pj 





1765. 61 5 56637. 65 3p 'D,—7d *D3 
1765. 56656. 58 3p *P,—4d P35 
1763. , 56699. 96 3p *Py—4d 8P} 
1759. 56832. 39 3p 'D.—8s 'Pj 
1753. 1 57040. 83 3p 'D,—7d 'D3 


1752. 57055. 48 3p '1D2—7d *F3 
1749. 7: 57151. 34 | 3p §P,;—4d 3F3 
1747. 36 ‘ 57229. 3p §P.— 4d 8F3 
1745. ‘ 57295. 3p §Pi—4d SF 
1743. 57343. ¢ 3p '1D,—7d 'F3 


1740. 57460. 3p 'D,—8d # D3 
1736. 57587. 3p 'D2.—9s 'Pi 
1734. ‘ 57646. 86 
1707. 58579. 3p *P.—Ad '!Pj 
1704. 58670. 2§ 3p §P,—4d 'F3 


1702. f 58726. 46 3p *P,—4d 'P} 
1700. 58802. 3p *Po— 4d 'P} 
1700. 4 f 58808. 65 3p ?P,— 5d ?D3 
1699. 58833. 3p *P,— 5d 3D} 
1698. 58886. 3p ?P.—2’ 





1697. 58894. 16 3p *P,—5d D3 
1697. 58908. 4: 3p *P,—2"’ 

1696. 58955. 3p ?P,— 5d 3D3 
1695. 5 58979. 3p §P,— 5d 3D} 
1693. ¢ 59050. 3p *P:— 6s 3Pi 


1693. 59056. 3p *Po— 5d 3D} 
1690. 59144. 3p *P,—6s § P35 
1689. 59196. 3p *P,—6s Pi 
1687. 59274. 3p *Po— 6s §P} 
1686. 59282. 3p *P2—6s §P3 


1682. 59429. 3p 3P,; —6s °P3 
1676. 59637. ¢ 3p *Py)—6s 'P} 
1675. 2% 59693. 3p ?P,—5d 3P3 
1672. 59787. 3p ®P,— 5d *Pi 
1671. 59840. 3p 3P;— 5d 5P3 


1668. ‘ 59933. 3p *P,—5d *P} 
1667. ‘ 59965. 3p *P,— 5d *P§ 
1666. 60011. 3p *Po— 5d *Pi 
1664. 60076. 3p °P,—5d 'D3 
1660. 60223. ¢ 3p °P,—5d 'D3 
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[\pLE 2.—Wave lengths in the arc spectrum of silicon emitted by the arc-in- 
nitrogen—Continued 


Inten- 


: iwaglax Term combinatior 
sity Wea rm ¢ ation 


60482. 8! 3p °P,— 5d 3F3 
60567. 5% 3p 3P,—5d 3F3 
61199. 88 3p 3P.— 6d 3D3 

: é 61203. 26 3p 3P.— 5d 'F3 
1633. 1 61231. 3p °P,— 5d 'P3 


1631. ‘ 61307. 3p *Po— 5d ' Pi 
1630. 12 61344. 0! 3p 3P,— 6d 3D3 
1629. 96 8 61351. 19 3p §P,— 6d 2D3 
1629. 61369. 6: 3p *P.—7s 3P} 
1627. 2 61436. 3p §P, — 6d 2D} 


1627. 61461. 3p °P,—7s 3P3 
1625. H 61511. 58 3p §Po— 6d 2D} 
1625. G1I516. ! 3p 3P,—7s 3Pi 
1623. ¢ 61601. 3p *P.—7s °P3 
1622. . 61619. 3p 8P, — 6d 3P3 


1620. 3 61713. 3p *P.— 6d 3 Pi 
1619. 5% 61746. 3: 3p *P,—7s 3P3 
1619. 61766. 3p 3P, — 6d 3P3 
1616. 5! 3 61860. 3p °P,— 6d Pi 
1615. 89 7 61885. 3p °>Po— 7s 'Pj 


1614. 60 61934. 8: 3p *P,—6d '1D3 
1614. 55 61936. 3p 3Po— 6d 3 Pi 
1608. 92 : 62153. 3p §P.— 6d 3F3 
1605. 87 62271. 3p *P, — 6d 3F3 
1597. 99 62578. 3p >P)— 6d IF 5 


1597. 83 62584. 3p *P.—8s ?Pi 
1595. 82 62663. 3p 8P,—7d D3 
1595. 50 62676. 3p >P,—8s 3P§ 
1594. 92 62699. 3p *P.—8s 3P3 
1594. 53 62714. 3p *P.—7d?D3 


1592. 45 62796. 3p 8P,—7d 2D} 
1592. 35 62800. 3p 8P\—7d *D3 
1592. 15 62808. 3p 3Py—8s 3Pi 
1591. 17 62846. 8: 3p 8P,—8s 8P3 
1590. 49 2 62873. 3p 3Py—7d 2D} 





1589. 60 62908. 3p 3P,—8s 'P} 

1586. 76 63021. £ 

1586. 00 63051. 3p 3P,;—8s ' Pi 

1584. 27 63120. 3p §P,—7d 'D3 

— vaca 3p *Po— 8s Pi 
97 » 

1583. 97 63132. 3p 3P,—7d 2F3 


1580. 28 63279. 
1576. 76 63421. 3p ®P2—7d IF 3 
1574. 69 2 63504. 
1573. 85 63538. 3p 3P,—8d?D3 
1565. 30 63885. 3p 3Py—9s Pj 
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The intensities assigned to the lines are the usual visual estimate 
and are not comparable between widely separated regions of th 
spectrum. The letters following the estimated intensities giye , 
description of the line as emitted by the are in air, even though for || 
the lines between 7970 and 6124 A, except a few fainter ones, tly 
recorded wave lengths are for the enclosed are at reduced pressuy 


ep DF °c 


Besse 


s-{ } 


* 


tis 




















Fiagure 1.—Terms of the arc spectrum of silicon; @& even lerims; odd te 
These letters have the following significance: b, widened, not sharp 
e, enhanced at electrode; h, hazy, H, very hazy; 1, unsymmetrically 
shaded toward red; 7, reversed. 


2. TERM STRUCTURE OF SI I 


The terms upon which the are spectrum of silicon is built result 
from the interactions of a migrating valence electron with the con- 





Qua 


wow Ooc 


aww Bw -*§O-m a 


a= 5 == 


Spectrum of Silicon 


) 


surations 3s° 3p and 3s 3p*. The terms to be expected theoretically 
from this procedure are set forth in table 3. Those that have ac tually 


been established in the analysis of the spec trum. both through Fowler's 
work — the work at the National Bureau of Standards, are listed in 
table 4, of which figure 1 is a graphic representation. 


TABLE 3.— Theoretical terms of Sit 


| 


} Ileetron con- 


. : Terms 
figuration ’ 


| 


Pe EP 

ID, 3P. 38 1p. 1p. is 
tS ek hee DD 
G, 3F, 3D, 1G, 'F, 1D 


| 

| 352 3p? PL ID, 1S 
| « 

| 


3p’ Bs a, oe Ss 


TABLE 4.—- Observed terms of Sil. 


Term 
value 
em 


Term 
symbol 


157438. 
ats 
65665. 8: 
146. 
65919. 
6075. ; 
59444 
9095. 
50348. 7 
26059. Of 
25982. | 


25787. 


1036. 

pi be co) le 

20466. | 

20449. - 

20421. 

15892. 

15808. 8! 

15671. 

15243. 56 

15177. 05 


15140. 85 


ap 
ip 


Term 
value 
em! 


176-40. 
17478. 
16714. 8 
16682. 
16554. 3$ 
163438. 3 
18458. | 
15553. ! 
14131. ‘ 
11498. 
11429. 
11215. 


10872. 
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TABLE 4.—Observed terms of Sit.—Continued 


Term 
value 
em—! 


T Term 
Term ‘eins 

ovenhet value 

= em"! 


Term 
| 

| 

fl a (ane ' 

! 


symbol 


A 


» | 


Se ee 
| apr, | 6968. 82 


4d°Di_ | 1155803 | if 1G, 
| 4f'D, 6632. 09 
4d*D3 11537. 88 
6633. 
4d*D3 11485. 
6610. ; 
4d*P3 | 9052. 
6s 3P3 6522. ¢ 
4d*P; | 9042. 
68s 3Pi 6469. 
4d3Pj 9009. 
6s 3P3 6236. 8% 
4d3F3 | 8370. 
6s 1Pj 6106. 
4d 3F3 8292. 
| 5d 3Dj 6686. 
4d*Fy | 8159. 
5d 3D3 6710. 58 
4d'D3 | 9240. 
4d 'Pj 6941. 5d 3D3 6624. 4° 
4d'F3 | 6849. 
5d 3P3 
5p *D, 
5d Pi 
5p 8D, 
5d *P3 5700. 5% 
5p Ds 
, 5d 3F3 5097. 5 
5p Po 
5d 3F3 
5p *P, 
5d FPG 
5p*P, | 8274. 
5d 'Ds 
5p 38; 8201. 5d Pj 
5d 'F 3 
5p 'D, 7945. 1! 
5p IP, 9317. 5f *F, 
5p 1S, | 7431. s 
5f 33 
4f3F, | 6967. 56 
5f 3F;, 
4f 3F; 6956. 
5f §Gs 
4f3Fy |) 6954. 





| 5f 3G, 
4f3G, | 6707. 5f 8G 





4f3G, | 6706. 5f *Ds 


4f Gs 6689. 16 | 5f*D, 





tf 3 I ds | 6633. e | . | 5f 3] ); 


43D, | 6552. 16 | Bf 'F; 
| 5f 1G, 


“7D, | 6552. 5f Dy 
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TABLE 4.— Observed terms of Si 1.—Continued 


Term Ter 
value Perm bene 
. = symbol | ae 
em . | em! 
1203. 00 


3074. 5 





1148. 20 
2989. 95 
3919. 56 
2934. 
$861. 4 
2819. 
206. 


2612. 


2869. 


2867. 8% 


2389. ¢ 


Z1G2.. 3 
3366. 3: 


3208. 54 | 7d 1F3 2100. 45 


3587. 80 
; 1984. 
2941.00 | 9s Pj 1858. 


Comparison of the present list of terms with those reported in the 
earlier papers will reveal that several corrections and additions have 
heen made. In the 4p group, which are responsible for the intense 
infrared lines, new values have been assigned to the *D terms and also 
to *P, and 'P,. The uncertainties that have attended the identifica- 
tion of some of the 4f and 5f terms, owing to the diffuseness of the lines 
and the presence of unresolved satellites, have now been removed 
with the aid of the enclosed are observations. The numeration of 
Fowler’s odd *D terms proposed in my earlier paper is here retained 
despite Robinson’s " criticism based on his application of the irregular 
doublet law to the sequence of isoelectronic spectra beginning ‘with 
Sit. The reassignment of Fowler’s 3p’ *D° and *P° terms to the 3d 
configuration is supported by the discovery of the companion term, 
3d *F°, and also of the *D° term at 17200, which satisfies the combina- 
tion requirements of a 3p’ term, but not those of a 3d term. It is to 
be noted that the odd *F° terms are all new and make it possible to 
fill out the complement of terms required for the nd configurations. 
The extension of the nd terms to higher values of n is due largely to 
the excellent spectrograms that Shenstone has made of the Schumann 
region. In particular, these observations have brought to light 


binson, Phys. Rev. 49, 304 (1936). 
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several new combinations with the 3p 'S, term that are masked by a 
band structure extending below 2000 A in observations made with thy 
are in alr. 


3. SERIES AND IONIZATION POTENTIAL OF Sit 


In the light of the present analysis it is now possible to extend to 
higher members several of Fowler’s Sit series. Others must be 
amended, and still others that are new may be described. Fowler's 
most reliable series for determination of absolute term values are 
those from the ns electron. Reference to table 4 will show that thy 
series 3p *P—ns *P° are now represented by five members. <A Ritz 
formula of the type 


° 


y= —Ri(m t at, ) ) 


in which Rg,=109735.3, has been found sufficient to reproduce most 
of the series of Si1, especially those of the ns and nf configurations. 
with great fidelity. Applied to the series 3p*P,—ns*P? the formula 


2.0142\7 " 
= 6: 722—R( m — 1.8182 — =) , m=4, 5, 6 


mm 


fits the first three members of the series exactly and reproduces the 
fifth and sixth members with residuals of +25 and —13 em=', respec- 
tively. It will be noted that the term value 3p °P)=65722 is in close 
agreement with Fowler’s value, 65765. 

The Ritz type of formula also appears to give a more satisfactory 
representation of the ns'Pj terms than does the Hicks formula em- 
ployed by Fowler. For the series 3p *P)—ns!P3 the formula 


bats | - 1.6618\ 7 
=65995—R/(m— 1.7992 — = Hs), m=4, 5, 6 
eas 


reproduces the observed lines with the residuals —46, +45, 0, 
respectively. In this case the value of the limit, L= 65995 », Te a sents 
the distance of 3p *P, from the Si m parent term, Ts, of the ns!P 
terms. According to Fowler’s analysis of Si m™” the components of 
the ground state *P are separated by 287 ecm™!. Deduction of this 
amount from 65995 gives a value of 65708 for the distance separating 
3p °P, from the lowest term of Sim, in excellent agreement with thi 
result from the ns*P? terms which converge toward ?P;,.. Fowler 
adds also the term 9s 'P; to this series, which is reproduced by the 
above formula with a residual of +18 em, 

We may expect equally satisfactory results from the nf terms, 
since they are nearly hydrogenic. Only two members have been 
found for most of these sequences, but for the nf *F, terms there are 
three members observed. A satisfactory Ritz formula for the series 
3d *F,—nf *F; is 


0.32: 
p= 15915—Ri(m—0, 0569+- = rey , m=4, 5, 6 


'2 A. Fowler, Phil. Trans. Roy. Soc. (London) [A] 225, 24 (1925). 
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The term 3d°I*s lies 49,851 units above 3p *Po, whence we derive a 
alue 65766 for the ground term of Sit. 

“Owing to the revisions and additions to the nd terms that have been 
Jjescribed above, the sequences in this group are new exc ept for the 
Po and 'F° series. They may all be represented with varying degrees 
of accuracy by prope rly evaluated Ritz formulas. These are as 
follows: 

Series 3p 'D.—nd 'F3; limit ?P3,2 in Sim. 
, 0.0511 
59583 - Ri(m 0.0326— — ) »™m 
m- 
3p P,— 59583 — 287 +6299 = 65595. 
Series 3p 'D.—nd 'Ds, limit ate ,in Sit 
).5728 
59710—R (m- 0.6384 - 40 as >m 
op P,=65722. 
Series 3p 'Sp—nd 'P, limit ?P,,2 in Si I 
0. 0314 
50328—R (m— 0.0142- 
3p P, 503284 15394 63709. 
Series 4p 'D,— nd ees. limit 2p 3/2 in Si II 
0. 2094 
oS -0.4105+4+- 
+-48264 = 65752. 
Series 3p °P,—nd °F, limit ?P 472 in Si II 
mail 0. od 16 
yv=—65791 By(m- m—(0.4394-+ | 
3p P,=657914-77=65868. 
Series 3p °P,—nd *Ds, limit ?P3,2 in Si II 


i 4.8083 
y=65943 -Ri(m—1 247847 y 
op a 65943 ae 287 {- 220 65879. 


»>m 


m= 


Series 3p °P,;—nd *Ds, limit ? pb in Sit 

P ser 92\" ; 
y= 65932 — Bi( m: =1. 24344" :) >m= 
3p Py) =65932—2874+77 ~6572 22. 
Series 3p °Po—nd 8D,, limit ?P3,2 in Si Il 

— -_ / , 1 S158 , 
v= 66107—R/( m—1 2480+" x Jr m= 
3p *P, nies 65820. 


Series 3p *P2—nd *P3, Limit ‘ bel ins 
y=65500— (moss a i 

3p *P,=65500-+223 — 6572: 

Series 3p °P)>—nd °P3, limit — in Siu 

y s01—(m—0.00084 8477) m=, 4, 
3p *P,=66001 —287 —65714. 
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An inspection of the results presented in the foregoing paragr:; ph 
will show that the component series of the ns terms approach ae 
limits according to the theory of Hund.’ With the nd series, hoy. 
ever, another procedure is followed. This was already forecast by 
Fowler, who noted that the nd 'P; terms of Sil converge towar 
*Pi2 instead of *P3, of Sim, T his behavior is confirmed by the 
present analysis and, in addition, it is seen that the nd *P; terms also 
converge toward ° 2p? , of Siu, while the three components of the 
’D° group converge toward *P3,.. This is shown graphically in figure? 
Although the coordin: ition of individual series with their proper limits 
presented herein differs with Hund’s theoretical scheme, nevertheless 
the quantum oo Bree are fulfilled that series terms with inner 
quantum numbers, 4, 3, 3, 2, 2, 1, 1, 0 converge toward *P%,, _ thos: 
with Inner quantum ‘numbers 3, 2, 2, 1, converge toward ? Th 
sequences of np and nf terms have for the most part only ae men 

bers and are therefore yo: 

Pay adequate for the coordina- 

E tion of their components wit) 

limits in Si 1. 

Pre From the various series 
described abov ea mean valu 
of 65743 em”? is found for thy 

'P 'D.'F; RB RP PB D *D2D; > FFs Fa separation of 3p °P° of Si: 

and 3p ?P6 12 of Si 11, corres- 

ponding, therefore, to ar 

ionization potential of 8.1 

volts. This value differs only by 22 em! from Fowler’s value of 65765 
































higure 2.— Coordination of component series of 


the d-electron with limits in Si 1. 


4. SILICON IN THE SUN 


The presence of silicon in the sun has long been established throug! 
the 4s—5p lines in the yellow and the 3y—4s lines in the violet. Sub- 
sequently, identification of red and infrared solar lines with silicon 
was made by Meggers ™ with the aid of unpublished National Bureau 
of Standards observations. As more extensions of both solar and 
silicon spectra became available for comparison, it was found thiat 
nearly all the stronger lines emitted by the Si are have their counter- 
parts in the sun. Such a comparison is set forth in table 1, in th 
third column of which are given the values of the solar wave lengthis 
taken either from the Revision of Rowland’s Preliminary Table * or 
from Babcock’s published © and unpublished lists of infrared solar 
lines. 

However, the silicon atom is capable of emitting more lines tha! 
those listed in tables 1 and 2. Very few of the multiplets that have 


been described in this paper are emitted with their full complement of 


lines by the are sources described above. In table 5 are listed unob- 
served lines calculated from term combinations and with them th 
nearest solar lines. A group of lines in the blue-green may be expec ted 
from the 4s—6p transition. The 6p terms have not yet been detected 
in the laboratory but the lines resulting from their combination with 
the 4s terms are in all probability present in the sun. 

8 F. Hund, Linienspektren, p. 184 (Julius Springer, Berlin, 1927). 

“W. F. Meggers, Pub. Allegheny Obs., 6, 13 (1919). 


18 Carnegie Institution of Washington Publication 396, (1928). 
16H. D. Babcock, Trans. Int. Astron. Union 5, 90 (1935) Astrophys. J. 83, 103 (1936). 
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TABLE 5.—Comparison of computed Sit lines with solar lines 


Computed 
wave length 


of Si! 


11890. 29 
10976. 25 
10616. 59 
10580. 20 
10179. 38 


10128. « 
10025. 4: 
10001. 
9453. 
9405. 


9393. 4c 
QO7TS. 

8928. < 
S780. ( 


8766. 2 


S703. 
SOSO. ¢ 
8679. 
S667. 
8579. 


S576. 5s 
8550. 46 
R511; 
8510. 
8492. 


S461. £ 
8337. 
8305. 75 
S198. 48 
S195. 


8145. 
SOS86. 
8074. 5 
SO70. 


7976. 
7898. 3 


Or 


(420. 
7523. 


7518. 5 


7504. 

7486. 67 
7482. 25 
7458. 44 
7456. 00 


Wave 
length 
in sun 


0. 51 
6. 30 
6 71 
0. 61 


9, 36 


4, 92 
5. 86 
~ ol 
3. 12 
5. 80 


3. 44 
. 28 
3. 17 
lee beg 


3. 42 


3. 73 


37 





79859-—-38——6 


| 
| Solar intensity 
| 

_| 


tor bo to —_ Oe ee 


= 
= 


. | 
mS C9 et OD 
& 
~ 
-~ 
2 


N, Mn 


— RD 


~ 


S 


tot 


we we oo 


Fe 
Atm? 


Atm? 


3 Co 





| 








Wave num- 
ber v 


8407. 
9108. 
9416. 6 
9449. 
9821. 


9873. 
9971. 
9996. 
10575. 
10628. 


10642. 8 
11012. 
11197. 
11386. 
11404. 


11656. 
11692. 
11745. 
11747. 4: 
11772. 


11814. 
11990. 
12036. 55 
12194. 
12198. 


12273. 
12363. 
12381. 
12387. 
12533. 


12657. 
12725. 
12941. 
13288. 
13296. 


13321. 
13353. 
13361. 
13403. 
13408. 





Term combination 


ip 35; 
1d 31s 
4d 3P} 
iz 4d 3P§ 


6s 3P3 


6s 3P{ 
>—5d D3 
5d *D5 
—6s Pj 


4d 'F3 


5d FP§ 
5d 8D3 
8s *Pi 
6d 3D3 
5d ‘Pi 


6s 3P3 
-5d 33 
-~Ss IP; 
6s 1 Pj 


4p *D3— 5d ®P3 


4p 'D.—6d °P3 
4p '!D.—7s 'Pi 
4p ®D,—5d #P} 
4p 'D2.—6d Pj 
4p 'P,\—5d 8D} 


4p *D.—5d 3P3 
4p *D,— 5d *Pi 
4p §D;— 5d 'D3 
4p 3S,— 5d 'Pj 
4p *D_.— 5d 'D3 


4p 'So—7d 'Pi 
4p §P,— 6d *D3 
4p *D,— 5d 3F3 
4p §P,— 6d *D§ 
4p sp, 5d IP} 


4p 3P, 6d 3P3 
4p 'P,—5d 3Pi 
4p 'D.—8s '!Pj 
4p 3P,—6d 3F3 
4p §D3— 5d 'F§ 


4p 3D,— 6d §D3 
4p 38,—8s §P§ 
4p 1P,—5d 3F3 
4p 3D,—6d §D3 
4p *D, —6d 8D} 
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TABLE 5.—-Comparison of computed Sit lines with solar lines—Continus 


Computed Wave 
wave length | length | Solar intensity 
of Sil } in sun 


Wave num- 


oe 
( ( DIMALLIO 
leis ap Term combinati 


tp 3s; 
tp 'D, 
tp 31), 
Ips 
tp 3s, 


tp 'D, 
tp 3D, 
Ip 3D, 
Ip 3]), 
tp °>P,—8s 3 


tp ?D.—bd'D 
tp 3D3— 6d 3] 
tp 3D, --6d 'D: 
tp 3D. —6d 3k 
6865. 5. : 561. ip 'P, —6d 8P: 


6842. 3! 2 3d? 14610. 83 tp 3D; —7d3D 
6819. 9.86 | 2d’ | 14659. 40 | tp 3138s 3P 
OS13. 8! 3. 9% 3N 14671.95 | tp 3D3--7d 2D 
6807. 2! . 3d? |} 14686. 08 tp 'P,; —6d 3P 
6767. 92 8. ‘ 14771. 52 tp §D,—7d 3D; 


6767. | oo | 3d S80 4p 3D, —7d 3D 
6739. 4! 9, 5s “e 92 tp 3D.—7d 3D 
6730. cae | 2N 853. 90 | tp §D,— 7d 3D} 
6729. 8 9. 7! 2N, Cr? 4855. 18 4p3D,—7d3D 
6722.65 | ar 3N 871. 00 4p 'P,—6d'D 





6500. 8: 5378. 20 | 4p 3D; —7d !B 
6462.82 | 2.98 5AGS. 85 tp 'P,—-8s3P 
6439. 5! 9.58 | 5524. 75 | 4p 'P,—S8s 3Pj 
6308. 8.84 | 2N | 15846. 40 tp 'P;—8s!P 


6022. | 2.23 | : | 16600. 75 | tp 'P,—9s 'P 


3345.54 | 5.49 | —2 29881. 96 | 3p 1S) —3d 8D} 





~ 
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5. LINES OF Sill 


several lines of Stir were measured repeatedly while the work 
loseribed in this paper was in progress. The mean values of these 
loterminations are given at this time in table 6 to complete the obser- 
ational record, 


TABLE 6.-- Wave lengths of some Si 1 lines 


Wave 


Ferm combinatic 
number 


lnitensity 


15690. 9S 7 s Son, Ip ?P ‘ 
15750. 96 i 5 2S, ‘ Ip Ps 


59028. 05 dp ?Pii,— 3p’ 2D, 
55037. 58 ek 3p? ,— dp’ 2D, 
55809. 43 dp ?Pi,—d3p’ 2D, 


65212. 85 


65500. 75 ; 3p 7Pi, Is 


Nhe work desertbed in the foregoing pages would not have been 
ossible without the friendly cooperation of various individuals. As 
tuted above, R. lL. Templin, of the Aluminum Research Laboratories, 
nd J. He. Critehett, of the Union Carbide Research Laboratories, 

ve both contributed generous samples of highly purified silicon for 

‘as electrode material. A. G. Shenstone, Palmer Physical Labora- 
rv, Princeton University, has made the necessary observations for 
study of the ultraviolet spectrum. Charlotte Moore-Sitterly, Prince- 
u University, and H. D. Babcock, Mount Wilson Observatory, have 
ade available to me their unpublished lists of infrared solar wave 
ugths; and finally, W. HL. Swanger, A. J. Dornblatt, and I. F. Webb, 
i this Bureau, have been instrumental in casting and shaping the 
lectrodes used in the are lamps. It is a pleasure for me to express 

each of them my appreciation for his contribution to this work. 


SHINGTON, May 10, 19388. 
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PRELIMINARY LISTS OF TERMS FOR THE ARC AND 
SPARK SPECTRA OF TUNGSTEN 
By Donald D. Laun 


ABSTRACT 


Phe new large quartz-prism spectrograph of the National Bureau of Standards 
is been used to photograph the are and spark spectra of tungsten in the ultra- 
jet between 8100 and 2100 A. The wave-length data derived from these 
hservations and also the Zeeman effect observations made with the same instru- 
nt, have made it possible to establish the low terms °D and 6S of Wu, to- 
ther with several other metastable terms whose identity is not yet certain. 
raie ullime of W111 is probably the intense line at 2204.49 A. In W1, 89 new 
have been found. The g-values, derived from new Zeeman effects, are 

for 37 levels of Wt. 


CONTENTS 


Introduction 
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If, Results... . : aie 
1. First spark spectrum of tungsten Wit 

2. New levels and g-values for the are spectrum W1 


I. INTRODUCTION 


Because of their complex character, the spectra of tungsten and 
uranium, in the sixth column of the periodic system, have been only 
incompletely deseribed. This circumstance has been largely respon- 
ible for the delay in working out the term structure of these spectra. 

i fact, no terms for uranium spectra are as yet known; but for the 
lirst spectrum of tungsten a beginning was made by Laporte ' 13 years 
ago, When he announced the low D and 7S terms of W1, and showed 
that the two lowest components of 7D actually lie be low 7S, contrary 
to the term arrangement of the analogous spectra Cri and Mot. 
With the help of new wave-length and Zeeman effect data, the low 
terms of Wit have now been found. It is the purpose of this paper 
to communicate the new terms, to report the results of some Zeeman 
elect observations that have been made of ultraviolet lines, and to 
vive the classification of nearly 500 lines that originate in the low 
terms and also in some metastable terms lying considerably higher 
than the ground term. 


Il. EXPERIMENTAL 


—— after Laporte made known his results for the arc spectrum, 
vin a search among the spark lines of tungsten for the °D and 
S terms of Wu, to correspond with the similar terms which Kiess 


Laporte, Naturwissenschaften 13, 627 (1925). - 
20 
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and Laporte? had established for Crit But these initial effor. 
proved fruitless owing to the inadequate descriptions of the ultry- 
violet portions of the tungsten spectra then available. Accordingly 
1 undertook to reobserve these spectra, using for this purpose ¢)) 
Hilger E1 quartz spectrogr: aph of the Nation: al Bureau of St: undards 

which could be effectively employed down to 1900 A. Subsequently. 
these earlier spectrograms have been supplemented with a new series 
obtained by C. C. Kiess with the large quartz spectrograph, and also 
with the 20,000 lines per-inch concave grating spectrograph. Bot 
of these instruments have been described elsewhere in this Journal 

In addition to the spectrograms that were obtained for way 
length measurement, Kiess has also made a set of Zeeman effec; 
observations of the ultraviolet tungsten spectra, using the same lare; 
quartz spectrograph im conjunction with the water-cooled magnet o 
the National Bureau of Standards. Equipped with ferro-cobalt pol; 
pieces, this magnet — a field of 34,500 gausses across a 6-1 
gap of circular area | em in diameter. A current of 150 amp was 
required to naniahaaiies the field. 

Small rods of very pure tungsten metal were used as pened 
the ares and sparks that served as light sourees. Each spectro 
was exposed also to iron or copper ares to obtain the necessary stand 
ards for the reduction of the measurements. The wave lengths o! 
the lines used as standards were taken from the lists of Burns ani 
Walters,’ except for two observations of the region 3750 to 3000 A, 
for which the large grating was used. Here the standards used i 
the reductions were calculated values of tungsten are lines observed 


by Belke. The reason for this procedure was to fit the new wave 
lengths to the seale of Belke’s observations, which Laporte and Mack 
have used in setting up their system of levels in the analysis of Wi 
The spectrograms were all measured and reduced according to thy 
usual procedure. The earlier plates were measured on the lary 
comparator of the Bureau, but the later plates were measured on the 
comparator of the Physics Department of Marquette University. 


III. RESULTS 
1. FIRST SPARK SPECTRUM OF TUNGSTEN W111 


In tables 1 and 2 are given the terms which, thus far, have bee: 
found for Wir. The character of the terms °D and °S is established 
with certainty by the Zeeman effects. These terms arise, respectively, 
from the electron configurations d‘s and d°, for whieh LS-coupling 
holds, as indicated by the excellent agreement between the observed 
g-values and those caleulated from Landé’s theory.’ For the terms 
which are clearly identified the usual symbols are employed; the othe 
terms, in accord with a scheme adopted by Laporte and Mack for 
W 1, are designated by the first two significant figures of their numertea! 
values in the case of the even terms, and by the first three figures 
the case of the odd terms, with subscripts denoting the inner quantun 
wana J. 


1C.C, Kiess and O. Laporte, Science 63, 234 (1926 

i © C Kiess and E. Z. Stowell, BS J. Research 12, 459 (1934) RP671. W. F. Meggers and k. Bur 
BS Sci. Pap. 18, 191 (1923) 8 441 

‘K. Burns and F. M. Walters, Pub. Allegheny Obs. 8, 27 and 39 (1931). 

$A. Landé, Z. Physik. 15, 189 (1923). 
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In table 83 are listed 500 lines that have been classified on the basis 
of the terms in tables 1 and 2.) Following each wave length are, in 
der, the estimated inte sities of the lines in the are and spark sources, 
the wave number, the term combination, and, lastly, the observed 
Zooman effect. For all the lines, except the first four, the estimated 
yitensities are from National Bureau of Standards spectrograms. 
Kor the first four lines the intensities B are from Belke,® and the 
intensities Hf from Exner and Hascheek. The letters following the 
intensities describe the following characteristies of the lines: a, elassi- 
fed also in Wa; 6, broadened; ¢, complex ; d, double; 7, reversed: 

apparent pole-e Mfect or transverse variation of intensity (pr reversed 
At at end of line); 7, displaced toward the red; and», displaced 


Oil 
toward the violet. 


( 


TABLE 1. Even terms of Wit 


g-value 
‘Term T 
Term value | 
symbol | 
observed | theoretical 


0. 3. 20 
L518. . SO 
3172. . O4 
1716. . 58 
6147. | . 56 


7420.5 | Oo 
Stil. . 64 
SS32. | 2. dD 
13173. ¢ . 48 
10592. | 


146384. 4 
11301. 
13434. 
14967. ¢ 
16234. 


23450. 4 
13412. 
15147. 
16589. 7 
20039. 


14857. ‘ 
16558. 
19070. § 
20780. é 
23234. 





17437. 
20534. 








M. Belke, Z. wiss. Phot. 17, 132 and 145 (1918). 
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TABLE 2.—Odd terms of Wu 


Ob- 
served 
g-value 


Ob- 
served 
g-value 


|| Term Term 
symbol value 


Term Term 
symbol value 





. 67 44851 44877. 
67 46 larg 46175. : 
2 48831, 48830. 
4 491 5x 49124. ! 
51831 51863. 


.14 52231 52275. 
5294 | 52901. 
5333, | 53338. 
5779, | 57730. 


53311 53329. 592s. 59276. 


538411 598s 59869. 
Alix 7 6 44741 44758. 
560414 56084. ; 46 4a 46.493. - 
4200 42049. - 491 aus 49181. 
44301 44354. 8 1. 5083, 50863. 


474o1¢ 47413. < . 14 540416 54056. 6 
4820 48284. 6 4 55341 55392. 
492014 49242. ve 5OB 4x6 59399. + 
51414 51438. ‘ 51451 51495. 


53 lox 53113. 6 5495 54958. 6 
5474 54704. 58851 58891. 
5672 56768. 60251 60218. 
56801 56875. 61251 61240. 
4233 42390. 1. 16 61551 61589. 6 


























TABLE 3.—Classified lines of W 1 





Intensity 
Wave Term 
number combination 





Zeeman effect 
Are 





4348. 13 B2 Dh 22992. 139.4—386lox | (0.00) 0.57 J 
4175. 63 6 8 23941. 14:1,—385o% | (0.24) 1.49, 1.96 bi 
3935. 44 Bl ? 25403. 139.4—385q4 | (0.59) 1.07 J 
3851.57 | BI “6 25956. 13915-39114 | (0.00) 1.53 J 
3716. 08 10 ‘ 26902. 15315 — 42021, 


3691.49 | 101 27081. 1454, — 4200 
3688. 34 27104. 19sec ~ SB les 
3657. 88 | 10 27330. ! 1454, — 422136 
3657.59 | 40 27332.6 | O8%—36lo | (0.88) 1.56 J 
3652.14 | 12d 27373. ¢ 20315 — 47401, 


3646.60 | 10 : Q7415. 14:4,—420o, | (0.00) 1.37 J 
3645.61 | 10 27422 19444— 464434 

‘ pi 14914, — 423316 
3641.42 | 40 27454. ‘Fy, —361o4 | (0.00) 0.60 J 
3630. 27533. 1444, 4234 
3618. 3 27628. 2341. — 50841 
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TABLE 3. 


Intensity 


Are 





Spark 


120 
150 
3 
15 
10 
100 
40 
3 
4 
A( 


80 
50 
10 
100 


15 


10 
200 
30 
80 
20? 


20 
20b? 
2 
150 
20 


50 
400 


30 


vo 
6bl 


40 
2p 


100 


30 
200 


30b 

3b 

200b 
25 
120 





Classified lines of W 1 


Wave 
number 


27663. § 
27828. « 
27983. 8 
27987. : 
28050. ! 


28120. 
28168. ¢ 
28204. 8 
28244. 


28287. + 


28324. 
28344. 4 
28412. ! 
28536. § 
28628. 


28637. 6 
28642. - 
28646. 
28676. 
28790. § 


28824. 
28864. 
28956. 2 
28978. 
29040. 


29056. - 
29084. 

29141. - 
29386. § 
29451. ¢ 


29585. 
29610. 


29622. < 
29662. § 
29666. § 


29720. 
29730. 4 
29743. 6 


29759. 
29765. 6 


29821. 0 
29864. 8 
29879. 1 
29887. 8 
29901. 1 





Term 
combination 


14416 
I Nese 
10:4 
2B are 
2041, 


122114 
391435 
3851, 
51 Ang 
48851, 
16016 443801 
1Gase— 447 us 
1605 — 447 
20315 — 482 14 
16315 448316 


16415 
280% 
10h16 


Winc- 


4 18315 
49151, 
? 518315 
391 115 
5183 


13316 - 420016 
16215 44851; 
20516 — 4D lars 
16914 449 16 
20315 -A88315 


28.55 — 52 Day, 
13915 — 422136 
1 Bors a 423316 
1354,— 42393 


285, —522ar, 


17535 — 4644 
20314 = 4D las 
203% — 49141 
1495, — 443% 


23.5 — 52053, 


1 6316 > 46 1 3% 
Seng ~ 447 ne 


16435 — 461515 
2Bai5— 5Bler 


284, — 520i 


14115 — 44321, 
15a _ 448516 
O81 = 385016 


1941 = 4 8815 
1 6a —4 63214 


1414, — 4444 
4 F; —— 885015 
23a, — 53346 
2311 — 533534 
144% —44 7a 





Continued 


Zeeman effect 


(0.40) 


(0.00) 1.13 J 


(0.93) 
(0.00) 


(0.00) 
(0.00) 


0.97 J 
1.04 J 


(0.00) 1.00 J 


(0.00) 


(0.00) 


(0.00) 1.00 J 


(0.79) 1.25 J 


(0.00) 2.14 


9/2 Be 


(0.00) 2.01 


2.50 Be 


(0.00) 1.11 J 


(0.00) .93 J 


(0.00) 1.12 J 


oe 


1.403; 34-35 Be 


(0.82) 
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TABLE 3.—Classified lines of W 11 


Intensity 


Spark 


Wave 


number | 


NS NNW 


3243. « 


3233. 


3230. 8! 
3230. 6 
3228. 9§ 


3225. 


3216. « 
3215. 6 
3206. 42 
3203. 4: 
3203. 34 


3192. 
3189. 
3185. 
3183. 
3179. 


3178. 
3177. 
3175. 
3160. 
3154. 


3153. 
3152. 
3151. 


11 | 
24 | 
06 | 
97 | 
44 | 


04 
22 | 
97 | 
03 


19 
14 


76 | 
58 | 


3151. ¢ 
3149. 87 


3144. £ 


3108. 


3103. 5: 


3101. 
3100, 


8? 
60d(r) 
20 
20 

6 

? 
6b 

6 


100 
300 


60 


50 
5b 


20b 
25b 
20 
30 
100 


206 
10b 
50cl 


4b 


100 


15b 
15 
25 
20b 
4b 


30 
30 
80 
40 
80 


15be 
1001 

30 

10 
150 


80 
150 
200 
300 


15 


3b 

106 
20 
300 
500 


306 
80 
20 
6 
60 








29903. § 


| 29909. ! 
| 29940. 


29943. 8 
29972. 8 


30103. ¢ 


| 30135. < 


30277. : 


30296. 
| 30418. 


| 30686. 6 | 
| 30714. 6 


30748. 6 
30822. ‘ 


30823. - 


| 30920. 
30942. 
30945. 
30960. £ 
30997. 


| 31082. : 
| 31088. 
| 31178. 
31207. : 
31208. - 


31318. 
31346. 


NN 


_ 
rm OO 


31387. £ 
31398. < 


31443. 


31456. § 


31465. 
31477. 
31636. 
31694. 


31705. 
31709. 
31721. 
31723. 
31738. 


31792. 
32157. 
32212. 
32235. 
32240. 


COOK De NNORKW ATE 


He Cte OO Or 


| 
| Term 
combination 


23215 
204%, 
11a3, 
28. 
Yo 
iGu,—47 
203—5 


iu, 
1331 
1605—! 
5.—5 
Lloys- 


20415 
o—_ 

1621, 

ides ; 
iSu,— 4680, 


lng ~ lac 
139,— 4470 
"Fee * se 
14, ~ dB Sane 
in, ~ Slt 
185,—448e; 


10:1, — 4202 
1895, — 44821, 
132, — 44911 
144, — 46441 
163 — 4820. 


10,15 —422:« 
Sor, — 3911 
14:4— 463014 
2341, — 54915 
13015 ia 3 449116 


19415 — 50841 
23, — 55Sa, 
14gs—47 lu 
203, — 522514 
162, — 48821, 
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Continued 


Zeeman effect 


(0.00) 1.41 J 
(0.00) 1.70 J 


(0.00) 1.24 J 


(0. 00) 1.38 J 


(0. 00) 1.61 J 
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TABLE 3.—Classified lines of W 1—Continued 


Intensity 
Term 
combination 


| 

, | 

Wave | 

number | 

Spark | 
| 

| 


Zeeman effect 


3098. & ‘ | 15 32266. 15315 — 4741s 
2083. 2¢ ? | 2 32423. 5 | 19416 — 51 4516 
2081, : ¢ 4b 32445. 14a. — 474 16 
3072 ‘ w 40 . 16315 — 49116 
2071, 60 01 tude 


23009. 2% 90 o2% ‘a 16415 —49 1315 
3067. 4 ‘ 80 32589. 6 20415 — 533415 
3067. 4: é 10 32591. 1631, — 491414 
3066 8(v?) } 80 3259! 16214 — 488314 
3063 : | 50 | 32627. 8 16415 — 49 lar, 





3063. 4: | 20b | 32633. 23014 — 560)14 
306] | 30 | 32652.2| 163,—4920, 
3053. « ? 32741. 3 132% 461515 
3051. ; 400 | 32763.4| 133,—46la, 
3049, | 60 | 327789 | 14:4 —47421 


3018. 6 | 40 32792. : 19414 — 518314 
3044. 5 1b | 32885. 20514 — 53341, 
3039. 5! 30 | 32889. 6 16.15 — 491514 
3036. 8v | 32921. 1391; — 46321, 
3028. 33007. 16214 — 49201 


3024. 5 ‘ ia 33053. 6 Low — 448014 
30129 5 33073. i. — Silica 
3021 33081. 1353, — 46444, 
3010. 76 t | 33204. ! 19415 522316 
3004. 2! ) | 33276. 20416 ~ 54044 


3002. 2 4 33298. " 5333% 
3000. 6: f 50 33316. 2% — 482214 
1000. 5 é 33318. 2 56721 
2998.69 | 1 | ‘ 33338. +114 — 4.202% (0.00) 1.98 J 
2990, 85 | 33425. 6 544 — 508414 


2987, 21 | 33465. « Bog — 422,15 | (0.46) 0.00b,|1.09, 2.04 
2982. 2: | 2: 33522. 3 | 205% —54044 
2977. [ 4 33576. 35 — 44825 | 
2976 | 33587 ‘14-4221, | (1.28) 0.00, 1.05, 1.95 
2974. § 33610. Llo4—449;4 | (0.00) 0.94 


2970. 2 é 33649. ¢ — 4820, 
2067. | 33683. — 488.4, 
2962. 5 33745. ¢ wy — 47 Lins 
2961. ; e | 33762. = 44304 
2955. S 3383 iD aoe 529316 





2052, 26 | | 33862. § oe 
| \. 0 

2942. 2 : 33973. 4 — 48834, 

2012.26 | 2 33977. 6 —49 151. | 

2942 33979. 1 | —474 94, | 

2940 34001. —474.4 | (0.00) 
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TABLE 3.—Classified lines of W 11—-Continued 
, | 
Intensity 

Term 
combination 


Wave 
| number | 
Are Spark | 


Zeeman effect 
| 


2939. 7 
2938. 
2935. 
2926. 


2925. 


2917. 


2916. 
2916. 
2916. 3: 
2914. 65 


2913. 7! 
2912. 58 
2904. 
2898. 
2888. 


2888. 
2886. 
2885. 
2883. 
2868. 


2867. 9: 
2867. ¢ 

2866. 7! 
2866. 6 
2866. 3: 


2861. 
2857. ¢ 
2839. 8&2 
2834. 
2831. 2 


2824. ¢ 
2822. : 
2806. 
2805. 
2803. 


2801. 
2801. 
2799. 
2796. 8 
2791. 


2790. 4: 
2786. 
2785. 
2782. 
2780. 2 











| 34006. 5 


34016. 8 
34057. - 


| 34156. 6 


34178. 


34267. 
34273. 
34274. ! 
34279. ¢ 
34299, < 


34310. 
34323. 
34424. 
34495. ¢ 
34607. 5 


34612. 
34628. 
34646. - 
34664. § 
34848. ¢ 


34858. 
34864. 
34872. 
34874. ¢ 
34877. 


34941. § 
34985. 
35203. 
35272. § 
35309. § 


35396. 
35418. 
35622. 
35628. 
35656. 


rosy 


> 


35685. 
35690. 
35716. 
35743. 
35808. 


35826. 
35879. 
35887. 
35933. 
35957. 


SCOOrKt OCMOW 





13046—47 li, 
20314 — 54041 
17515 514516 
Ldn, —40 1a. 


20415 5AYs16 


| 
{190% ne 533315 
16315 — 50841 
1454, — 49224, 
23o15 - 57715 
194, — 53343, 


ee 

Bqig— BI 14s 
20535 a 5 19514 
23415 — 57731 
1444 — 49201 


2045 — 55343 
6Soxg — 420014 
Tiss ~~ 9B hens 
Fl 
16314 51 fore 


20516 = 558415 
10:.— 4540 
18:5¢— 482a3 
1 Lous — 46 larg 
"Sarg — 42.214 


16415— 51414 
19416 — 54046 
16215 ~5 14a, 
1634,—5183 
“¢ ll 


195 — 48 Bei, 
13314 = 488516 
O85 — 44.4056 
l Bars — 1 834 


2341, — 58851, 


16315 — 522s, 
13914 —49 lay 
15355 — 508,36 
{Fis — 444 16 
13934 — 4925, 


23215 — 59231, 
Lloy —47 Liss 
19415 — 549516 
17515 — 533415 
®Dorg — 391 16 





(0.27) 
(0.80) 


(0.00 1.20 


(0.40) 1.22 


(d?) 


(0.56) 1.048 


(0.00b) 


2.2 1a; 


(0.00) 1.18 


(0.26, 0.75) 1.38, 1.90, 
2.38 
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TABLE 3.—Classified lines of W 11—Continued 


l ~ 
Intensity 
Wave Term 


s, 
eer ee ffec 
number | combination Zeeman effect 





36005. 8 | 144—508,4 | (0.162?) 1.22 
25 36040. 4 | 165 —522s% 
50 36112. ; L1o¢—4740x5 | (0) 1.12 

400 36165.4 | "Dow —36lox | (1.27) 1.93 

100b | 36200. "Fy, — 4494 | (0.88) 0.35, 0.94, 1.48 


20 36243. 6 Dug — 423314 
2b 36290. 15315 — 51 414 
6b 36312. 16314 — 529314 
2b 36321. 19445 — 5534 

20 36348. 6 164% — 5293 


30b 36418. 6 23215 — 59814 
3b 36523. & 1 63y — 531 2% 
4b | 36587. ; 10;35— 471i 

75 36624. ¢ O8o.,—4540% | (0.91) 1.43 
6b | 36634. 2345 — 59851, 


4 36667. ) 162% rj 529314 
70 36716. 153 — 51831 
] 5 36728. 20316 ord 567% 
40 36745. ‘Fix —45405 | (0.00) 0.89b 
30 36748. 16314 — 53815 (0.58) 


120 36780. 16315 — 5334 | (0.00) 0.97 
1&b 36784. § 16415 — 533314 
80 36803. 6 14::,—5l4a% | (0.00) 1.43 
80 36816. 8 16415 — 53384 | (0.19) 1.12 

1b 36834. 20314 — 56801 


40 | 36878. 162;—531a% | (0.58) 
80 | 36895. 142, —5183% | (0.00) 0.83 
50b | 36934. 680 — 44321 
35b | 36949.4 | 20i,—577s 
10? | 36983. ins —~ Siting 


60 36984. 234% —602;% | (0.00) 1.38 
60 37005. 6 1444,—5183% (0.00) 2.08a, 
160 37057. ¢ 8D 1g — 885016 (b) 1.94 

30 37094. 1621, — 53311 
60 37108. : 16214 — 533314 


35 37188. 
70b 37307. 
60 37333. 
30 37450. 
96 : 5b 37456. 


24 5b 37466. 
49 60 37491. 
4 8b 37503. 
35 200 37521. 
04 H 37610. 


wn 


162; 53414 | (0.00) 
1454, — 5223 

6D, — 4.200%, 
133, —508. | (0.00) 
682, — 4485, 


16355 — 54043 

Sa — 449116 

16415 — 54041 

17531¢—549s | (0.41) 1.178 

8D — 3914 | (0.40, 1.08) 0.79, 1.49, 
2.22 


Oawwoa NTO bo 
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TABLE 3.— Classified lines of W 11—Continued 


| 
Intensity 


t, . 
. . 4e f of apt 
number | combination Zeeman effect 


| 

| Wave | Term 
Spark | 
| 


2655.67 | 15 22 | 37644. 1 
2653. 57 | 3 37673. 9 


2652. é 37690. 1 
2652. 37691. 9 
2650. ‘ 37720. 6 


2647. 90 | 37754. 6 
2643. ? 37823. : 
2637. 5: 37902. : 
2635.38 | 6 37933. 
2634. 87 | : 37941. 


2633. 37955. « 51, | (0.00) 
2630. ( 38003. 8 | 3o1g — D1 tory | 

2630. 38 | 38006. : 6125. 

2629. 38026. 3: 514 (—) 0.94 
2627. 72 | é 38044. ! 44x. — 5295, 


2623. 38111. 204, —588;,, | (0.00) 1.32 
2622. 87 | 38114. a ee 

2620.76 | 7 38145. 14—53la | (0.55) 
2617.64] 5 38191. og ~~ BSc 

2615.45 | 2 38223. 5c—533y, | (0.00) 1.72a, 


2606. § 
2606. < 
2606. 2 
2605. § 
2605. - 


38347. —47lix 
38354. 6 uc —61 Sus; 
38357. 6 | 2051; — 58851 
38362. doug — 533, 1, 
38370. 2 heog ~SEilenc 


~sTN > 


2603. 0: 38405. ; 3446-54955 | (0.00) 1.03 

2601. 4: s 38428. 9 94 — 518315 

2599.65 | 38455. 2 dove — 538416 

2598. 75 | 38468. 6 Mig 471s | (0.56) 0.42, 0.87, 1.25 
2598.67 | 77 7? 38469. ) 5ATovy 


2596. 38496. - 20415-59235 | (0.00) 1.08 
2595.76) ¢ 38512. 8 i. 53341 

2591. 49 | 38576.3 | ° B85 p14 

2589. | 90 38610. 9 | ®Dqy—447 4 | (1.18a2) 1.468. 
2586. 58 | 5 38649. 5 19 Qo, 








2585. 93 30 38659. 2 | 5771 
2583. 52 | | 5 38695. 3 | 1414 —533,1 
2581.20 | 1! | 30 38730. Diy — 4483 
2579. 56 | | 100d | 38754. 7 | ll ae 
2577. 31 __| 5b | 38788. 6 | 53441; 





2576.37 | 8 | 40 | 38802. 7 | - 5 B3ars 
2573.95 | 2 7 38839. 2 | 553a5 | 
573. 82 é | 12b | 38841. 1 | 52234 | (0.00). 
2572. 36 | 30 | 38863. 2 | -§2255 | (0.34). 
24 8 45 38865. 593a, | (0.00) 1.28. 
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TABLE 3.— Classified lines of W 11—Continued 


Intensity 
Wave Term 


. , Zeeman effect 
number | combination 2 


| 38876. 8 120, | (0.84) 0.72, 1.13,1.50, 
1.86, 2.25. 
38909. 5 535 —540q5 | (0.00 .... 0.73) 1.70a2. 
38934. ¢ ‘ 4634 | (1.67) 1.33. 
| 39088. 8 59B8ax4 
| 39125.7 | *Da,—422;, | (0.00) 1.82. 


| 39129. 3 | 3911, (1.04). 
| 39169.4.}  149,—541 iy 
| 39181. 6 | ‘ 523015 
| 391995 | 1. 54045 
| 39217.8 | *Do —4233, 


39237.2/ 20. 592516 

39359. 5 | 20. 593415 

39438. 5 | is 602515 | (0.00) 
| 39467. 6 | 3215 — 5293.4, | (0.00) 

39502. 9 | d 541, | (0.68). 

39557. 6 5: D4, | 
| 39573. 1 | ‘F 482, | (0.00). 

39638. 5 | §Ds 44301, | 

39679. - 324—53lax | (0.65). 
| 39684. 5 | 51g — 602514 


| 39759. 6 Sing —47 1 6 
39821. 0 | ( 58855 | (0.00) 0.00b, 1.19. 
| 39829. 4 | 20314 -- 598s. 
| 39849. 4 | jorg — DBO 18 
| 39895. 6 | 3215 —- 533 y1, 
| 39903. 8 | 3215 — 53331 
| 39957. 9 | 3315 — 53346 
| 39989. 1 | Bor, — 534i 
| 39992.9 | 58, A740, | (1.23, 2.03) 0.00, 0.71, 
| | 1.54, 2.33 
40028. 3 | ®Das—46 151 
40041. 6 | 315 — 44743 
40070. ‘ — 547 
| 40101. 4 d -5495., | 
| 40136. § 3—5149, | (0.50) 


| 40156. ; 533115 
| 40160. 9 | 34g 448515 | (0.93a,) 0.58. . . .2.03 
| 40178.9 | 16515-56721, 
| 40206.2 | 1! 59251, 
| 40245. ; 51 — 55Sux 


40249.7 | 135—534y, | (0.28) 
| 40285. 4 | 163, —5682 | 
10 | 40828.6 | 194, —593a5 
200 40346. 2 | 54644, | (0.88a2) 1.398 
70 =| 40460. 3 | 61251, 
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TABLE 3.— Classified lines of W 11- Continued 







































































































































Intensity 
a Term an 
Mair number | combination Zeeman effect 
Are Spark 
2466. 52 35 80 40530. 7 °‘Din— 42021, (0.26, 0.81) 0. 45, 0.99, 
06 
2466. 33 5p 10 40533. 8 16215 — 56714 
2464. 62 14 40 40561. 9 1 1o1g— 51831 (0.00) 0.73 
2459.88 | 4p 30 | 40640.1 | 162,—568),, 
2459. 60 20 10 40644. 7 13315 — 5404. 
2456.07 | 4p 8 | 40703.1 | 1395—54 114 
2455. 87 6 35 40706. 5 20515 — 61 251. 
2451. 47 35rl 50d? | 40779. 5 ®Dirs — 4221 (0.49 a) 1.498 
2450. 32 2 7 40798. 6 19444 — 598336 
2449. 70 4 20 40809. 0 20416 615516 
2447. 52 L | 40845.3 | 105—514y, 
2446. 39 25v 120 40864. 2 Sars — 482914 (0.80, 1.40) 0.54, 1.10 
1.66, 2.22, 2.78 
2440.43 | 10 20 | 40964.0 | 129—541y4 | (0.57) 
2439.81 | 2 7 | 40974.4 |  11n4,—522),, 
2435. 01 10 50 41055. 1 20535 — 6 15 sis 
2431. 37 5 18 41116. 6 14916 — 560 ;16 ; 
2429.97] 1 6 | 41140.3 | 1634—577y4 ; 
2429. 53 3 8 41147. 7 19414 — 60251. 9 
2427. 81 4 6 41176. 9 16.415 — 577 a1< 9 
2427. 49 10 40 41182. 3 ®Dorg - 44301, (0.58) 1.55 
2422.29} 30 20 | 41270.7 |  13:;—5 47x . 
2420. 99 12 35 41292. 9 13315 — 54 7org 99 
2414.13 | 4p 7 | 41410.2] *S.;—488,,, 
2411. 82 10 25 41449. 9 14114 — 560136 (0.00) 1.35 {not re 03 
2411. 54 6 20 41454, 7 17535 — 588516 (0.31) 1.27f sol 93 
2411. 29 “f 3 41459. 0 ®Darg — 46 Lig 92 
2403.07] 5 10 | 41600.8 | 11y4—5299, 3 
2401. 86 5 12 41621. 7 1 531g — 56 Zor 
2400. 86 4 2 41639. 0 ® Dass — 468216 230 
2397.10 | 20r 200 | 41704.4 | "Dy, — 4483 | (0.00) 0.90 230 
ou 
2395. 73 5 8l 41728. 2 15315 — 568216 
2395.10 | 9 10 | 41739.2 | "Dag— 44914 299; 
2393.77 | 1 3 | 417624] 10,5234 | 2294 
2392. 93 20 60 41777. 0 °Daig— 46445 | (0.00, 0.612, 0.89 2290 
0.55, 1.03? anN4) 
2391. 59 2v 3 41800. 4 14215 — 56725, £282, 
2390.89 | 4 30 | 418127 | 1s—5381y5 | (0.00) 1.1L 2975 
2390.37 | 25 75 | 41821.8 |  Sx,—492n. | (0.502, 0.97) 1.723 27) 
2385. 50 8 12 41907. 1 14914 — 568014 227] 
2382. 36 7 20 41962. 4 17515 — 59343, | (0.00) 2270 
2381. 33 6 8 41980. 5 13315 — 553415 “cbt 
2378. 60 10 15 42028. 7 11945 — 533i 2266) 
2378. 13 8 15 42037. 0 lay — 533316 2265 
US) a 1 42122. 4 1 1a1g— 534414 «<4 
2370.62 | 5 12 | 42170.2 |  194,—612s4 259 ¢ 
2366.68 | 41 6 | 42240.4 1 14:4—5681 2254. ( 
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TABLE 3.— Classified lines of W 11 Continued 


Intensity 

Wave Term : 
7 

i : eman effec 

number combination ae Ar ct 


Are Spark 


42297.8 | "Dos — 4221 
42338. 6 Sas — 588s, | (0.00) 1.24 
42519. J4lg 615516 
42521. soos lies 
42582. ba’ 5; 57715 


42687. | bung — SOBs 
42696. § ‘Dig —47 4a, | (0.22, 0.68, 1.15) 
0.42?, 2.07, 2.51 
42723. 344 — 59255 | (0.00) 1.25 

42726. § 4 — 51493 
42737. : 533114 


42762. 577 
42781. ¢ ag ~ O0Ras 
42809. 6 535 — 50a 
42830. 5 ~ $84uc 
42836. — 4434 | (0.25, 0.75) 0.71, 1.31 


42872. 4g — 577 316 
42911. 3og—560,4 | (0.34) 0.61, 1.86 
42936. 4 — 444% | (1.05) 2.91 
42977. « <—491 4 | (0.00) 1.62 
43002.8 | © Day—46 114 





43033. 8 491g | (0.38) 1.14 
43042. $54 — 592014 
43182. ¢ 'Doy—463, | (0.5 61/05) 0.81, 1.40, 
2.04 

43279. ‘ ds HOBSat6 
43315. ! ue SOBs 


567a15 
449, | (0.384, 0.99) 1.01, 
1.57, 2.24 

HOSarg 
5 680%, 
43522. - 528015 


54l i, 
4 82a 
5 2Bors 
4 — 002s 
43803. 34 — 612s, | (0.35) 1.16 


43938. ®Di¢— 45401, 
44007. ise 48 lax 
44017. Bass — 51405, 
44112. — 847 ne 


488, | (. . . ~ 1.40, 1.92)? 
” 592316 

6155.4 

AT do. | 
SCs | 














79859—38——7 





2220. 
2219. 
2216. 


2206. 
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2204. - 


2203. 
2200. 
2199. 


2198. 
2198. 


2197. 5 
2193. £ 


2189. 


2189. 
2187. 
2186. 
2180. 
2179. 


INN 


SIsysy sis) 


ase 
Wo 


2173. 
2169. 
2167. 
2166. 


2159. 


82 
73 
70 
64 


23 


56 


13 


49 | 


83 


55 


95 


19 | 


32 


96 | 








TABLE 3.—Classified lines of W 11 


Intensity 


Spark 


30 

6 
10 
25 


40 


3 


12 











Wave 
number 


| 44295. | 


44308. § 


44687. 6 
44711. 


44716. 
44721. - 
44783 
44836. 
44855. 


44901. 
44912. 
45011. 
45036. : 
45111. 


45304. - 
45347. 8 
45362. 0 
45425. 9 
45457. « 


45467. 6 
45481. 6 
45492. 
45574. 
45658. 


45661. 
45693. < 
45716. 
45842. 
45864. 


_ 


45894. + 
45908. 
45917. 
45952. 
45987. 


or 


or 


45993. 
46069. 
46128. 
46146. 
46282. 


bho orb _e 


cS GO 





Term 
combination 


1 3o15 
Lox 
1Basg 
§Bius 
Dare 


1 Nqis 

Sars 
®Dors 
I Dans “pe 
O81, — 533116 


6D 45 — 492014 
1445; — 593 
{Fins 533116 
16415 — 61251, 
Fix ‘ O84i15 


Diary — 508415 
1Snec— SOBs 
11 ys — 560415 
®Dirs 463215 


‘ Kor 
®Sars 522316 


1 dors 5OSar5 
6] ors 449116 
1441 : 598s 
16415 — 61551 
Dag — 48201, 


O85 — 541115 
®Dars 514516 
144, — 6025, 
Esse 54 Lise 
6] Yous = 454o15 


11935 — 567215 
Sx, — 529314 
10116 560115 
1 Log — 56815 
6D, — 48851, 


47 ] Its 
7 53 1 2h 
518315 
592316 
- 59251, 


47425, 

533: 

oo o 
~~ ables 
135;— 508.0, 


'F yy, — 54725, 
®Dorg — 49221, 
°Dyy — 52251, 
"Dass — 508.5 
10,3; — 568236 





Continued 


Zeeman effect 


. 00) 
. 68) 1.53 
. 00) 


. 00) 1.68 


. OO) 1. 08 


. 00) 
. 00) 0. 24, 2. 24 
. OO) 


. 65) 1. 43 


. 00) 0. 96 
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TABLE 3.—Classified lines of W u—Continued 
7 | | 

Intensity 
Wave Term 


F ? 
ee a ee er : : eeman effec 

number combination “ saint 
Spark 


46383. 144,— 619s 
46429. 1 lows 57715 
46457. 1 508, 
46722. 35 — 51491 
46732. ! 144, — 61551 


46754. 
46765. 
47146. 
47180. 
47191. 


o 4) 


= 529316 
‘Diss — 489 ax 
6 Dy, — 51 Bai, 
6] Yow 471 ity 
6] Vare 533315 


a 


noone 


47223. 
47251. 
47559. 
47723. 
9086. 5 47910. 


-~ 
oO 


a> 5383416 
560; ly 
52251 

-4921, 
o~ Sllling 


—s 
- 


qr 


on 


9083. 7 47976. 
2074. 6 48185. 
9071. 22 48265. 
2065. 58 48397. 
9058, 30 | 2 48568. 


59251 
52931 
Bibbs 
5— 58x 
5 50Ou, 





NownN tb 


~) 


2056. 2 5 48622. 53321 
2034.66} 1 48654. 4 — BEB 
2053 48690.9 | ®Dox— 51851 
2048 48811. - 1c — 549516 
2035.87 | 49103. 522 


DL4315 


bor 


~ 
~— 


to 


2029. 99 { 49245. 4 - 558415 
2026.06 | 8 49340. 9 D315 — 54041, 
2021. 43 | 49453. 9 Sarg — 568o1, 
2010.21 | § 49729. a1, — 529 a1 
2002. 56 49919. 8 Dis — 51 Aang 


2001. : . 49941. 3 8 Dog — 53 Lars 
1999, 82 : : 49988. 2 31g — B47 ars 
1989 : : 50250. 0 oy — 58441, 
1972. 63 | ; 50677. 1 11g — DDS a1, 
1961.43 | 50966. 4 541 j15 














observed Zeeman effects in the last column of table 3 are 
those measured on recent Bureau plates; or are taken from Jack 7 or 
Beining,’ in which ease they are followed by the letters J or Be, 
respectively. Jack’s observations have been reduced by 7 percent 
wid Beining’s have been corrected according to Catalan and Poggio.® 
[ypical unresolved patterns have been described by Greek letters as 
follows: Doublet shaded outward, a,; doublet shaded inward, a»; 
doublet shaded symmetrically, 8. The observed patterns of table 3 
may be compared with the theoretical patterns derived from the 
"R. Jack, Ann, Physik [4] 28, 1032 (1909). 


' Y Beining, Z. Physik 42, 153 (1927). 
‘M. A. Catalin and F. Poggio, Anales. soc. espafi. fis. quim. 32, 265 (1934). 
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Landé g-values by reference to the extensive tables given by Kies: 
and Meggers.” . 

The designation of the term *F,, in table 1 is to be regarded as 
provisional. The g-values given for higher even levels are op| 
preliminary values and probably have an average error of at leas 
0.1; but, on the basis of the data, they are fairly consistent. jy 
identification of the level O08, with *Po., and the level 13... wit) 
*Dos is conjectural, but if correct, all three quartet terms, *P, ‘D, and 

‘i, can be filled out 
cm! from the neighboring 
25000 terms inavery simpli 
manner and with reev- 
ularintervals, All the 
levels of 4G are next 
in line, ending wit! 
17 51. These conjec- 
tures are illustrated 
infigurel. The four 
quartets would xe- 
count for all the uni- 
dentified levels below 
196. 
According to. tli 
rule of Meggers and 
Scribner," the = rai 
ultime of W trshould 
be represented by the 
term combination 
5d'6s "Dy, — 56 
8°... The theoret- 
ical Zeeman effect fo 
this transition in Ls- 
coupling is (0.05 
S|) ee | 
i, oa ae 
° e™. line at 2204.49 A has 
ne the observed Zeeman 
o% 5 25 34 45 5} J pattern (0.00) 0.9 
and it has outstand- 








Figure 1.—Low and metastable terms of Wu with : : 4 

probable multiplet arrangement. ing intensity in bot! 

are and spark sources. 

Since it also represents the transition °Dg,—5145:,, this line is in all 
probability the true raie ultime of W 11. 


2. NEW LEVELS AND g-VALUES FOR THE ARC SPECTRUM W1 


After the discovery of the low terms of W 1, Laporte has continue: 
the analysis of this spectrum with the collaboration of J. E. Mack. 
I have had the opportunity of being associated with Professor Mack 


in this work for several months, at the University of Wisconsin, 8h¢ 
have had access to all their results. When the new wave-lengt)| 
measurements described above had been completed, some of the 
levels that had appeared to be doubtful on the basis of the older dal, 
10 ©. C. Kiess and W. F. Meggers, BS J. Research 1, 641 (1928) RP23. 
1 W. F. Meggers and B. F. Scribner, NBS J. Research 13, 657 (1934) RP732. 
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re verified, and others were rejected. This brought the number of 


Wel 


iid levels known in 1934 to 170. 


TABLE 4.—New levels for the arc spectrum W 1 


Term value | Remarks = | Term value Remarks 


20, 983. 08 | (Even) I} | 38, OO1. 10 
I | 40, 233. 93 
, 965. 14 | 40, 583. 01 
529. 55 | 43, 720. 86 
| 47, 689. 29 
5, 374. 02 | 49, 148. 00 
3, 389. 95 i] 50, 284. 72 
, 443. 66 52, 059. 74 
53, 042. 02 | 52, 992. 70 
, 941. 06 | 3, 118. 28 
859. 36 54, 118. 78 | (5?) 
54, 911. 63 | LM give J/=3 or 4 
21, 448. 55, 043. 30 
33, 943. ¢ 55, 867. 28 
35, 311. 4 I} 5, 955. 36 
9, 151. 92 || 56, 174. 67 
51, 182..¢ & \| }, 255. 70 
51, 693. § | 56, 831. 64 
064. 1: ] 57, 803. 66 
152. 58, 777. 78 
959. ¢ 9,171. 70 
859. 22 i 60, 385. O01 
» 032: 73 
, 084. 05 | ¢ 26, 676. 38 
, 619. 70 45, 789. 08 
55, 835. 20 46, 506. 32 
59, 422. 00 50, 806. 06 
59, 999. 10 51, 290. 73 
52, 8395. 46 
12,514. 09 52, 774. 10 
19, 270. 17 53, 194. 25 
51, 072. 24 , 310. 30 
, O15. 30 009. 20 
, 205. 78 | LM give J=4 455. 28 
, 943. 50 492. 18 
, 045. 60 | LM give J=4 795. 60 
390. 48 987. 86 
556. 50 280. 46 
55, 389. 32 143. 47 
55, 546. 08 | , 560. 80 
56, 108. 51 , 179. 37 
56, 484. 30 , 562. 62 
56, 717. 14 , 903. 94 
58, 091. 56 | , 263. 60 
58, 206. 00 59, 673. 30 
58, 644. 00 
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Further analysis of the new data yielded the 88 new odd Jeyels 
given in table 4, as well as one even level. Later it was learned thy 
a number of the new levels were independently discovered by Poggio « 
with some differences of J-value. The question-marked levels ro. 
quire additional observations in other regions of the spectrum jy 
order to be definitely established. 

New g-values for 37 odd levels, established by Laporte and Mack 
are given in table 5. The terms are designated by the first three 
figures of their numerical values with subscripts denoting their inner 
quantum numbers. The Zeeman patterns measured in the ney 
region were almost exclusively combinations with the low D ands 
terms. A few corrections to the J-values in table 4 may be necessary 
when more Zeeman effects of weaker lines become available. . 

A considerable number of are lines remain unclassified, some of 
which are quite intense and others of which show absorption in the 
under-water spark * or electric furnace.’ The origin of the dozen 
absorption lines that remain unaccounted for perhaps lies in relative) 
high levels with J-value greater than the 7D,, as was indicated in 4 
previous note.’ Reobservation of the region from 3100 to 5500 4 
will help to give a basis for classifying these lines. 
























TABLE 5.—New g-values for arc levels 


















Term 
symbol 


Term Term | 
| g-value -value 
symbol 9 symbol | 9 
















361, | 408, 1.2 | 438; 1. 21 : 
377, 0.8 | 415, 1. 02 440, 1. 14 . 
391, 0.90 | 417, 1. 20 463, 1.3 
396, ' 419, 0. 96 382, 1. 28 
























404, 1. 439, 1.33 || = 387, 1. 
407, 1. 25 450, i= 397, | 1/18 | 
422, 1. 72 376; Li | 402, 1. 32 i 
425, i 380; 1.1 405, 1. 26 








































438, 1. 396; 1560 |) ald 
366, 1. 6 422, 1.36 || 452 1. 08 
374, 1. 24 426; 118- || 466, | 13 iI 
390, 1. 31 434; 124 || 46 | 13 

| | 

| 4655 | 14 
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The work described above could not have advanced to its present 
state without the advice and assistance of others. It is a pleasure to 
acknowledge here my indebtedness to Rev. Joseph F. Carroll, 5. J. 
of Marquette University, for permission to work in his laboratory an¢ 
to express my appreciation for the many courtesies he has extended 
tome. The assistance of Prof. J. E. Mack with the Zeeman and other 
calculations, and that of W. F. Meggers with the term analysis, !s 
gratefully acknowledged. Finally, to C. C. Kiess special thanks ar 
due for making most of the plates used in this investigation and for 
his constant aid and encouragement throughout. 


Wasnuinaton, March 19, 1938. 


' F, Poggio, Anales soc. espafi, fis. quim. 33, 171 (1935). 
18 W. F. Meggers, Unpublished National Bureau of Standards observations. 
4 A.S. King, Astrophys. J. 25, 379 (1932). 

is PD: D. Laun, Phys. Rev. 48, 572 (1935). 
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ELECTROLYTIC RESISTORS FOR DIRECT-CURRENT 
APPLICATIONS IN MEASURING TEMPERATURES 


By D. Norman Craig 


ABSTRACT 


An improved electrolytic resistor, developed primarily for temperature indi- 
cators on radio meteorographs, is described. On such instruments variable 
ynidirectional currents are employed. Resistors to be used successfully in such 
applications require (1) large temperature coefficient, (2) low freezing point, (3) 
light weight, (4) reversibility, (5) stability of calibration, (6) hermetical sealing, 
7) high resistance with minimum inductance and capacitance, and (8) rapid 
response to temperature changes. The resistor consists of copper electrodes in a 
capillary tube filled with a solution of cuprous chloride, hydrochloric acid, and 
ethyl aleohol. Various proportions may be used in obtaining solutions which 
will not freeze at —75° C. The alcohol affords a convenient means of adjusting 
the resistance of a particular resistor to the desired value. Within reasonable 
limits of impressed voltage, the resistors have been found reliable over a tempera- 
ture range of +80° to —75° C. They respond satisfactorily to changes in tem- 
perature and hold their calibration for periods of time much in excess of that 
required for a flight. Ratios of the resistances 2 ,//@) measured with direct current 
agree with those measured with alternating current. Temperature indications 
ire believed to be accurate within 1° C, even at the lowest temperature. 


CONTENTS 


I, Introduction_- eae 

Il. Experimental procedure 
1. Solutions used in the resistors _ _ 
2. Measurement of resistivities of solutions 
3. Preparation of resistors._—_ _- -- 
4. Temperature control for calibration and tests 

III. Experimental results___——_.- 
1. Resistivities of solutions used in the resistors. 
2. Repeated measurements of d-c resistance at a fixed temperature 
3. Comparison of two series of temperature measurements 
4. Comparison of a-c and d-e values of resistance 
5. Effeet of time and impressed voltage on resistance ratios 
6. Reliability of temperature calibration 

IV. Conelusion_ _ - 


I. INTRODUCTION 


Electrolytic resistors of many types and kinds have been made in 
the past, but most of them were subject to limitations of polarization, 
cussing, or lack of permanence. The use of electrolytic resistors has 
been confined, therefore, to applications in which these detrimental 
features were not objectionable or for which they possessed some posi- 
lve advantages. Because of polarization and gassing when used 
with direct currents, electrolytic resistors are more generally asso- 
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ciated with a-c circuits. However, certain types may be used success. 
fully in d-c circuits, and this paper describes a type developed pri- 
marily for temperature indicators on radio meteorographs whore 
variable direct currents are used. 

Electrolytic resistors for this purpose require (1) a large temperature 
coefficient, (2) a freezing point below any probable atmospheric 
temperature, (3) light weight, (4) reversibility of electrochemics| 
reactions, (5) stability of calibration, (6) hermetical sealing, (7) hich 
resistance with a minimum of inductance and capacitance, and (s 
rapid response to temperature changes. Electrolytic resistors (o- 
veloped especially for this purpose are described in papers by Dig- 
mond, Hinman, and Dunmore.! The first resistor described by them 
consisted of a capillary column of sulfuric acid of 1.3 specific gravity. 
which gave the necessary resistance variation and rapidity of response 
down to —70° C. This, however, was not satisfactory in respect to 
points 2, 4, and 5 above. As stated in the papers ' cited, the present 
author collaborated in the work by developing an improved electro- 
lyte for this type of capillary electrolytic thermometer. his in- 
provement is described in the present paper. 

Although a number of electrolytes might be chosen which would ful- 
fill satisfactorily the requirements of resistance and large temperature 
coefficient, the other requirements limit the choice of materials, 
Certain copper solutions, described below, to which ethyl! alcoho! 
has been added in sufficient quantities to depress the freezing point, 
have been found to be well adapted to the purpose. The alcohol 
affords a convenient means of adjusting the resistivity of the solution 
to the most advantageous value for any particular problem. 

The use of electrolytic resistors such as those described in this paper 
is by no means limited to radio meteorographs. Because of their 
stability and high-temperature coefficients they may find applicatio: 
to the control of temperatures when the current passing through the 
cell is very small. Preliminary experiments using alternating current 
and such a cell for controlling temperature in a water bath in conjunc- 
tion with a radio amplifier and small thyratron showed that regulatio: 
to about 0.005° C could be obtained and this is probably susceptible 
of improvement. Because of their high resistance with low capaci- 
tance and inductance they should find other applications where sucli 
characteristics are desirable. 

Mention was made in the papers previously cited of copper solu- 
tions, and a brief description of the improved solution was given on 
page 381 of the third (1938) paper. Early designs of electrolytic 
resistors employing platinum electrodes in sulfuric acid solutions 
proved to be somewhat unsatisfactory because of polarization and the 
evolution of gas, the latter requiring that the resistors be provided 
with expansion chambers or vents. Gassing was naturally reduced 
when copper electrodes were used in copper sulfate solutions, but the 
limited solubility of copper sulfate in sulfuric acid particularly at the 
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low temperatures, limited the development of such resistors. 
proved performance and simplification were provided, however, by the 
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yse of hydrochloric acid, ethyl alcohol, and cuprous chloride, as 
iescribed in this paper. 


GQ 


II. EXPERIMENTAL PROCEDURE 
1. SOLUTIONS USED IN THE RESISTORS 


The solutions used in the resistors contained varying amounts of 
hydrochloric acid (86%; sp gr 1.18), ethyl aleohol (9% (95%), and cuprous 
chloride, as Shown in table 1. 


‘pie 1. Resistivities of solutions containing concentrated hydrochloric acid, 
ethyl alcohol, and cuprous chloride 


Composition of solution Resistivity p 





number - Se 
HCl CaHs0H CuCl 30° C 0° C 





ohm-em | ohm-em ohm-em 
5. 10. 3 4.9 
6.9 13.6 6.7 
8.3 
l 
4 


ml 
40 
35 
30 


25 


ect 


.3 23. 
9 31. 
20.7 14. 


1 i i 11.8 
1 5 16.6 
5 23.8 


bo to to bo be bo 


15 























The hydrochloric acid and alcohol mixtures were prepared by 
volume; the sum of the volumes taken was 75 ml to which 2 ¢ of 
cuprous chloride were added. The solutions subsequently were kept 


in tightly stoppered flasks to avoid undue exposure to the air. They 
however, contained some cupric salt, part of which was initially present 
in the cuprous chioride and part formed by unavoidable exposure of 
the solutions to the air either while being prepared or used. There is 
therefore some uncertainty in the concentration of copper in these 
solutions. The presence of the cupric ion in the solutions necessi- 
tates calibration of the resistors after reduction of the cupric ion to 
cuprous ion by the copper electrodes. When reduction is completed 
the solutions become colorless. 


2. MEASUREMENT OF RESISTIVITIES OF SOLUTIONS 


The resistivities of the solutions were measured on a bridge using 
(0-eyele current and an a-c galvanometer as the detector. The ratio 
arms were equal and each consisted of a 100,000-ohm standard re- 
sistor. The other arms consisted of a variable resistor and the cell 
containing the solution to be measured. The accuracy of the measure- 
nents on this bridge was determined by comparisons with resistors 
of low inductance and capacitance which were standardized by other 
sections of the Bureau. When making a-c measurements the error 
in measuring 100 ,000-ohm resistors did not exceed 3 percent at 60 
cycles. The error in measuring 100,000-ohm resistors with direct 
current did not exceed 0.03 percent. Most of the measurements on 
electrolytic resistors given in this paper are d-c measurements. 

As pecially designed cell was used for measuring the resistivity of 
ie he ere It consisted of a test tube which contained the solu- 
tion to be measured, and a capillary tube, supported at the top, 
lipped into this solution. The electrodes were copper, one being in 
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an enlarged portion of the capillary and the other in the free liquiy 
near the lower end of the capillary. This arrangement was ¢o). 
venient for making exploratory measurements at extremely low ter). 
peratures and permitted measurements to be made under conditions 
similar to those obtaining in the finished resistors. The constant of 
this cell was determined with sufficient accuracy by comparatiy, 
measurements with a conductivity cell of the customary type for 
which the constant was known. , 


3. PREPARATION OF RESISTORS 


Capillary U tubes of approximately 1 mm bore served to hold thy 
solution and electrodes. A small bulb was blown on each side of thy 
U tubes and the length of the capillary joining the bulbs depended 
upon the resistance intended for each tube. The electrodes used j; 
the resistors were pieces of size 18 AWG annealed copper wire. Ty 
tubes were filled to the upper end of the bulbs with a small pipett, 
drawn out to a fine capillary. The electrodes were inserted into thy 
capillaries of the U tube and terminated in the bulbs. They were held 
in place and the tubes sealed with DeKhotinsky cement. This 
method of sealing the resistors proved to be satisfactory for the present 
work since a sufficient length of capillary was provided above thy 
bulbs to permit satisfactory sealing. Each resistor was. short-cir- 
cuited when not in use. 

In those cases where permanency is important a copper to glass 
seal would be preferable, and can be made. When permanent copper 
to glass seals are made one terminal can be copper wire, and the other 
terminal a small copper tube to permit filling the cell after the copper 
to glass seals have been made. When the cell is completed it is 
evacuated and filled, the copper tube is then closed at its upper 
extremity. A resistor of the type used on meteorographs is shown 
in figure 1. 

The resistance measurements employing direct current were made 
on the same bridge as the resistivity measurements. 

For the d-c measurements the bridge was provided with a sensitiv: 
d-c galvanometer and a source of variable voltage and in some cases 
a low-resistance microammeter was in series with the resistor so that 
the current and voltage could be correlated. 


4. TEMPERATURE CONTROL FOR CALIBRATION AND TESTS 


Measurements above 0° C were made with the resistors immersed 
in a beaker of water which was surrounded by a larger beaker and the 
intervening space filled with loose cotton. The stirring was done 
manually and the temperature was maintained sufficiently constant 
for the purpose by the addition of small quantities of hot or cold 
water. The temperature was measured with a mercury thermometer 
graduated to 0.1° C. The measurements at 0° C were made with the 
resistors immersed in mixtures of ice and water. Measurements below 
0° C were made with the resistors immersed in ethyl! alcohol contamed 
in a clear-glass Dewar to which solid CO, was added as required. 
Six or more observations of temperature and resistance were made 
while the temperature of the aleohol was held close to the average 
value by the addition of small quantities of CO, and frequent stirring. 
The temperatures below 0° C were estimated to 0.1° C with a toluene 
thermometer graduated to 1° C. 
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III. EXPERIMENTAL RESULTS 
1. RESISTIVITIES OF SOLUTIONS USED IN THE RESISTORS 


bo: composition of the solutions investigated and their resistivities 

39.0° and 0° C are given in table 1. The resistivity values at 30°C 
were measured with 60-cycle current, employing the resistivity cell 
previously described. T he resistivities at 0° were calculated by multi- 
plying the resistivity values at 30° C by the ratio of the a-c resistances 
at 0° and 30° of resistors containing the respective solutions. 

The resistivity of the solutions varies comparatively little with 
changes in the copper content. For this reason the data given in 
table 1 can serve as a guide in making resistors of specified values 
notwithstanding the fact that a small amount of ¢ upric lon was known 
to be present when the measurements were made. 


REPEATED MEASUREMENTS OF D-C RESISTANCE AT A FIXED 
TEMPERATURE 


In the course of measurements at many different temperatures a 
resistor was returned repeatedly to a fixed temperature, 0° C, to deter- 
ine how well successive measurements would agree with the first 
measurement made at this temperature. In actual service the resistor 
would be calibrated by initital measurements and it is important 
therefore to show how well this calibration can be depended upon when 
direct current flows through the resistor continuously and it is exposed 
to rapidly changing temper ratures. The results given in table 2 show 
that during 114 “hours of continuous operation, more than twenty-five 
times the service period required, the resistor held its calibration within 
i’ ©. The initial measurement at 0° C was made 14% hours after 
beginning the observations. 


TABLE 2.—Repeated measurements on resistor B at a fixed temperature, 0° C 


[Direct-current measurements, impressed voltage 0.82 volts; solution 3] 
a T 

| Deviation from first meas- 
urement at 0° C 
7 Measured 
Elapsed time ranietaniee 
Equivalent 
temperature 


Tlours 


| 
| 
| Resistance 
| 
| 
| 


} 
Ohins Percent aks Sy 
26, 950 | 
26, 820 0. 48 | 
26, 780 63 
26, 590 1, 34 | 
26, 240 2.73 | 
26, 780 . 63 | 





3. COMPARISON OF TWO SERIES OF TEMPERATURE 
MEASUREMENTS 


Two series of measurements were made using the same resistor in 
order to judge how accurately the second series of resistance measure- 
ents may be expected to indicate temperatures in the range in which 
the resistors are expected to operate. The results of these measure- 


lieits are given in table 3. Since the observed temperatures in the 
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second series of measurements were not the same as those in tho 
first series, the resistances given in the table for the second series wey, 
read from a large graph made by plotting the observed temperatures 
against the loga rithms of the observed resistances. The difference: 
in the two series of measurements are given in terms of resistance 
and temperature in columns 4 and 5, respectively. It may be 
observed that there is a progressive increase in the resistance differ- 
ence as the temperature is lowered; however, the temperature co- 
efficient of the resistance increases rapidly at the lower temperature: 

and consequently the temperature differences given in the last colum 
for the two series of measurements do not exceed 1° C, 


TABLE 3.—Comparison of two series of measuremenis using the same resist; 


{Observed values for the first series are compared with corresponding interpolated values of a second ser 
0.5 volt across resistor] 


Difference (first n 
Second | second seri 
series— | 
| interpolated ! | 
Observe esistance | : 
Observed temperature ets ee peeenes | Resistance 
| 


Ohms Ohms Ohms 
12, 275 | 12, 100 | 
21, 065 20, 695 | 
41, 300 40, 800 
99, 200 | 97, 500 
93, KO 91, 600 | 

215, 000 211, 000 
176, 000 | 172, 000 | 


, 000 
, 000 


1 Interpolated resistances in this column correspond to the observed temperatures in the first colu 
Each series of measurements occupied about 5 hours during which current was passing continuously th 
the resistor. The first series of measurements was completed 3 days before beginning the second 
resistor was short-circuited during that interval 


4. COMPARISON OF A-C AND D-C VALUES OF RESISTANCE 


Since it is commonly observed that the d-c resistance of electrolytic 
cells differ from the a-c, a number of measurements were made to 
study the magnitude of these differences. It was further observed, 
as may be expected, that the d-c resistance varies with the impressed 
voltage. Typical experimental data for these resistors are given in 


TABLE 4.—Comparison of a-c and d-c values of resistance and their eq 
variations in temperature 


[Resistor containing solution 5. The a-c values are taken as the basis of measurement 


Measurements at 30° C | Measurement 





Impressed voltage 7 
a ee Equivalent 


Resistance | variation in Resistance 
temperature | 


| 

| Ohms 
| 54, 900 
50, 300 
| 48, 700 
| 47, 700 











0.25 d-c a 

.50 d-c_._- 

-75 d-c_._. ne 
RES eee Secret 
Las e-e....... 47, 340 
1.50 d-c__- ’ : 47, 030 
2.25 d-c- ..-- <a ‘ } | 46, 360 
3.00 d-c_-. ee a " yee | | 46, 070 


PNPPNen 
CSwwoeoeww 


“CoS eg POR Oe Pee ee ee 20, 660 | 44, 240 
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‘able 4. The data indicate that as the voltage is increased the 
j-c resistance approaches the a-c value, and the equivalent variation 
in temperature becomes smaller. How closely the d-c values may be 
expected to agree with the a-c values depends upon the voltage 
‘yupressed across the resistor. It may be mentioned, however, that 
‘ certain applications where the resistor is calibrated with direct 
current, agreement between the a-c and d-c resistance is not required 
in order to indicate temperatures correctly. 


5, EFFECT OF TIME AND IMPRESSED VOLTAGE ON RESISTANCE 
RATIOS 


Before using an electrolytic resistor for a temperature-indicating 
device it is of course necessary to know the relation between its resist- 
ance and temperature, and its usefulness depends upon how well and 
how long the relation holds under operating conditions. For the 
purposes of this paper, the relation between resistance and tempera- 
ture may be expressed by the value of the ratio of the resistance at 
the particular temperature to the resistance at some reference tem- 
erature, for example (Rype/R» 5¢)=1.67 means that the resistance 
t &C is 1.67 times the resistance at 22.5° C. Although the data 
civen in table 5 show the ratio Ry/R2:., to be constant for all impressed 
voltages from 0.05 to 1.25 volts after 6 hours of constant use, depar- 
tures from a constant ratio became evident after 18 hours when the 
impressed voltage was below 0.5 volt. When voltages higher than 
(.5 volt were employed, the ratio, Ro/R..; was in excellent agreement 
with previously determined values notwithstanding the fact that a 
direct current of about 50 wa bad passed through the cell for 18 hours. 

The table shows that as the impressed voltage is increased the meas- 
red resistance diminishes slightly. This may be caused by one or 
all of several effects produced by the current. Localized heating 
would decrease the ohmic resistance. A small but constant counter 
mf would also result in lowered measured resistances with increased 
mpressed voltages. Whatever the cause, a plot of voltage against 
urrent is essentially hnear, with a small intercept of a few hundredths 
fa volt on the voltage axis. 

BLE 5.—Reliability of the ratios of resistance at 0° and 22.5° C for various 
impressed voltages and times of observation 


[Resistor containing solution 2} 


t 


Resistance after 6 hr | Resistance after 18 hr 
Resistance | <a oe : 
at 0° C | 
22.5° C Ro/R2.2° c 


Ohms Ohms 
22, 500 
20, S00 | 
20, 900. | 
20, 350 | 
19, 870 | 
19, 630 | , 651 
19, 500 | , 592 ; 11, 636 
} | 
| 


19, O85 11, 390 


5 shows also a comparison of d-c and a-c measurements 
e same resistor. Although the a-c and d-c resistances are 
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not in perfect agreement, the ratios Ro/Ry. 5 are in excellent agreement. 
This is a matter of importance e for temperature measurements with 
radio circuits in which part of the current is unidirectional. [If the 
calibration is made with direct current and the instrument is subsoe- 
quently used with the same impressed d-c voltage, the calibration js 
reliable for a longer period of time than is required for a flight. Com.- 
parisons of resistance ratios obtained from a-c and d-c measurements 
are given for a wide range of temperatures in the next section. 


6. RELIABILITY OF TEMPERATURE CALIBRATION 


In table 6 are given the comparative temperatures for a-c and d-c 
measurements based on actual measurements of temperature. |p 
the first column specified ratios 2,/R, are given. In the second column 
the temperatures corresponding to these ratios are given on the basis of 
a-c measurements. Three columns of measurements are given for 
the d-c values obtained with impressed voltages of 1.25, 0.5, and 0.25 
volts, respectively. Agreement with the a-c values is satisfactory 
for all, but as a precaution voltages less than 1.0 volt are not recom- 
mended. On the radio meteorograph the voltage applied is always 
greater than 1 volt. 

In table 7 the allowable variation in the ratio, equivalent to 
based on a-c measurements is given for the temperature range +: 
to —75° C. 


TABLE 6.—Comparison of resistance ratios with interpolated temperatures based | 
a-c and d-c measurements at O° C 


[Resistor containing solution 2! 


ng ‘ct curren 
Using alter- sing direct current 


Resistance ratio Re/ R¢ nating cur- 
| rent 





TABLE 7.—-Comparisons of observed temperatures with measured resistance 
based on the resistance at 30° C 


[Resistor containing solution 5] 


Ratio of resistances R4/ Rio 


Measured temperature 


1.0 
2. 20 
4. 03 
9. 18 
20.8 
47.6 


122 








® All ratios except those indic sted are concordant within the limit of v ai ition equivalent to 1 
aximum variation occurring at —75° is less than the equivalent of 2.5 
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[rrors greater than 1° C appear when the temperature is —37° C 
and the impressed voltage 0.5 volt. It is desirable therefore that the 
impressed voltage should be 1.0 volt or more. The lowest temperature 
shown in this table, —75° C, is believed to be sufficiently low for any 
atmospheric temperature likely to be encountered. In the course of a 
large number of measurements at low temperatures no abnormalities 
were observed in the resistance measurements which were to be asso- 
ciated with freezing of the electrolyte or precipitation of cuprous 
chloride. Further evidence that the solutions comply with the tem- 
perature requirement was obtained by sealing samples of each solution 
together with a short piece of copper wire in small tubes, which when 
completely submerged in alcohol containing solid CO,, and vigorously 
shaken, showed no evidence of freezing of the solution, or the precipi- 
tation of cuprous chloride. 


IV. CONCLUSION 


Resistors of the type described have found use in numerous flights 
which have been made. Some of the resistors returned after the com- 
pletion of the flight have been recalibrated and good agreement found 
between the initial and subsequent calibrations. 

It is believed that these resistors possess properties which should 
make them useful in other applications on either a-c or d-c circuits, 
where high resistance coupled with small inductance and capacitance 
are desired. The high-temperature coefficient is desirable in problems 
of temperature control. 


WasHINGTON, May 2, 1938. 
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EFFECT OF GLASS CONTENT UPON THE HEAT OF 
HYDRATION OF PORTLAND CEMENT 
By William Lerch! 


ABSTRACT 


e heat of hydration was determined, by the heat-of-solution method, for a 
mber of portland cements prepared from clinker which had been subjected 
yarious heat treatments to produce different glass contents. The results indi- 
ite that, when different cements are ground to about the same degree of fineness, 
quantity of heat evolved between 7 and 28 days will be dependent on a number 
etors, two of the most important of which are: (1) The composition of the 
and (2) the glass content of the clinker. The glass content not only 

the heat of hydration directly, but also influences it indirectly, through 

upon the true compound composition. No consistent relation was 
served between the glass content and the quantity of heat evolved at 3 days. 
7 and 28 days the quantity of heat evolved for any given composition increased 
sistently with increasing glass contents. Sone reasons are advanced to explain 
the difference in glass content, together with the changed compound com- 
sition resulting therefrom, may affect the heat of hydration of the cement at 


ages. 
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I. INTRODUCTION 


studies of the heat of hydration of portland cement have been 
extended to inelude an investigation of the effect of the glass content 
othe clinker on the heat liberated during the hardening of the cement. 
lhe present investigation includes a study of 21 samples of standard 
ortland cement clinker as obtained from different plants throughout 
the United States and one additional sample of sulfate-resistant cement 
cinker. It also includes a study of these clinker compositions after 
they were subjected to special heat treatments in the laboratory. 
‘liese treatments were of such character that different degrees of 
vstallization of the clinker compounds and consequently different 
tuss contents might be anticipated. The approximate glass content 
‘each clinker, as determined by the heat-of-solution method, has 
been given In a ‘previous report [1].? 


‘esearch Associate at the National Bureau of Standards, representing the Portland Cement Association 
in brackets indicate the literature references at the end of this paper. 
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II. EXPERIMENTAL PROCEDURE 
1. TREATMENT OF THE CLINKER 










In the request to the plants which supplied the clinker, it was 
suggested that the clinker should be freshly burned, should not bp 
water-quenched, and should not have been exposed to undue moisture 
on the stock pile. As a result of this request the samples, as receiye( 
from the plants, were all of relatively low ignition loss. 

Each clinker sample, as received, was crushed between rolls 
thoroughly mixed, and divided into three lots; one lot to be used gc 
received, one lot to be reburned and rapidly cooled, and one lot to be 
reburned and slowly cooled. These samples were prepared and 
reburned in laboratory kilns by W. C. Taylor, following methods 
described in previous reports [2, 3]. The clinker to be rapidly cooled 
was reburned in an experimental rotary kiln at 1,400° C. The 
clinker obtained from this kiln was small, not exceeding 0.5 inch in 
diameter, and in the normal operation of the kiln the clinker cooled 
from the clinkering temperature to about 1,000° C, in 2 or 3 minutes. 
This clinker was designated “rapidly cooled clinker’’ and is identified 
by Q in the tables. 

The clinker to be slowly cooled was placed in an updraft gas-fired 
kiln and heated to 1,400° C. The gas and air were then adjusted in 
such manner as to allow the temperature of the clinker to decrease 
slowly over a 2-hour period to 1,250° C. The gas and air were then 
cut off and the clinker was allowed to cool with the kiln. This clinker 
was designated ‘“‘slowly cooled clinker,” S. The third lot of clinker 
was used as received from the plant and was designated “plant 
clinker,” P. 

These various samples of clinker showed large differences in their 
approximate glass content as determined by the heat-of-solution 
method [1]. For any given composition the glass content was highest 
(9 to 22 percent) in the rapidly cooled clinker and lowest (0 to 3 
percent) in the slowly cooled clinker. In some instances the glass 
content of the plant clinker as received was of the same order as that 
of the slowly cooled clinker. In other cases the glass content of the 
plant clinker closely approached the glass content of the rapidly 


cooled clinker. 




























2. PREPARATION OF THE CEMENT 









Gypsum was added to the clinker in such quantity that the resulting 
cements would contain 1.8 percent of SO; by weight, and the cements 
were then ground to about the same fineness. The specific surface, 
by the Wagner [4] turbidimeter, ranged from 1,540 to 1,840 and 
averaged 1,690 cm*/g. The grinding of the cements was performed 
at the research laboratory of the Portland Cement Association, I 


Chicago. 








3. PREPARATION AND CURING OF THE PASTES 





Neat cement pastes were prepared for the determination of the 
heat of hydration. Two hundred grams of cement and 80 g of water 
were mixed together and stirred vigorously with a mechanical stirrer. 
The paste was then placed in glass vials and the vials tightly stoppered 
and sealed with paraffin wax. The vials were stored in_a vertiet! 
position at 70° F for 1 day and at 100° F thereafter, until the time 


of test. 













TABLE 1.~—-Heat of hydration analysis, calculated composition and approximate glass content of commercial portland cem 2 and the glass contents of the 
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When mixing the pastes, it was observed that the cements obtained 
from the slowly cooled clinker, that is, those of low glass content, 
venerally gave a very stiff paste, and when these pastes were placed 
1 the vials very little or no water came to the surface. With cements 
of high Al,O;/Fe.O, ratio this phenomenon was more pronounced than 
with cements of low Al,O;/Fe,O; ratio. The cements obtained from 
the rapidly cooled clinker, that is, those of high glass content, always 
save u paste which could be poured into vials readily. With these 
pastes an appreciable quantity of water would come to the surface 
after standing a few minutes. In the sealed vials this water would be 
completely reabsorbed by the paste after 24 hours. The cements 
prepared from the plant clinker gave pastes of intermediate stiffness. 
These observations are in agreement with the normal consistency 
jata given in table 1. It may be observed that for any given com- 
position the cement prepared from a slowly cooled clinker generally 
required more water for normal consistency than did the cement 
prepared from the rapidly cooled clinker, while that from the plant 
clinker was generally intermediate. It may also be observed from 
these data that the difference in water required for normal consistency, 
for the cements of a given composition, was generally greater for 
compositions of high Al,O;/Fe.O; ratio than for compositions of low 
Al,O,/Fe,O3 ratio. 

III. HEAT OF HYDRATION 
The heat of hydration of these cements was determined by the 


leat-of-solution method using the vacuum-flask calorimeter [5]. 
Table 1 gives the oxide composition, the calculated compound com- 


position [6, 7] and the approximate glass content of the commercial 
portland cement clinker compositions from which these cements were 
prepared. Table 1 also gives the glass content of the same clinker 
after being subjected to special heat treatments in the laboratory, the 
specific surface of the cements, the water required for normal con- 
sistency, and the heat of hydration at 3, 7, and 28 days. 


IV. DISCUSSION 


The results obtained from this investigation indicate that the heat 
/ evolved up to 28 days during the hydration of portland cements, 
' cround to about the same degree of fineness, is dependent on a number 
| of factors, two of the most important of which are: (1) The composi- 
tion of the cement, and (2) the glass content of the clinker. The 
| glass content not only influences the heat of hydration directly, but 
ilso influences it indirectly, through its effect upon the true compound 
composition. Changes in the composition of the cement produce 
greater differences in the heat of hydration than are produced by 
changes in the glass content. 

_For the compositions used in this investigation, the heat of hydra- 
lion at 28 days of the cements prepared from the untreated commercial 
clinker, ranged from 77 to 111 cal/g, a difference of 34 cal/g. That 
even larger differences may be obtained by varying the composition 
of the cement has been indicated by Woods, Steinour, and Starke [8]. 
tom an investigation of laboratory cements of widely different 
‘composition, but prepared by uniform burning conditions, they found 
that the heat of hydration at 28 days ranged from 49.8 to 108.8 cal/g, 
‘maximum difference of 59.0 cal/g. 












238 Journal of Research of the National Bureau of Standards — {yo «; 
Considering the change in the heat of hydration due to the presence 
of glass in the clinker, it was found that although at 3 days, {oy 
cements of a given composition but of different glass content. yo 
trend was apparent, at 7 days, with but one exception, the cements of 
highest glass content had somewhat greater heats of hydration. A; 
28 days the difference in the heats of hydration (between high and 
low glass content for any given composition) was even more pro- 
nounced than at 7 days, and in every case was greater for the cements 
of highest glass content. The differences in the 28-day heats of 
hydration resulting from changes in glass content range from 3 to 16 
cal/g with an average of 7.9 cal/g. By comparing the results obtained 
with different compositions it will be observed that the differences jp 
the heats of hydration are not strictly proportional to the changes in 
glass content. It seems probable that this may be accounted for 
from the following considerations: (1) With different clinker composi- 
tions the composition of the glass varies; (2) with different clinker 
compositions a given change of glass content is not always accom- 
panied by identical changes in the compound composition. 

Using the factors derived by Woods, Steinour, and Starke [8] for 
the heat effects due.to composition, it is possible to calculate changes 
in composition which would be equivalent to the effect of the glass 
content observed in the present investigation. According to these 
factors the average difference of 7.9 cal/g, between the heat of hydra- 
tion of the cements having the lowest glass content and those having 
the highest, could be obtained by the following changes in composition: 
(1) Maintaining the Al,O; and FeO; constant and raising the CaQ 
0.97 percent and decreasing the SiO, 0.97 percent, or, expressed in 
terms of compounds, by increasing the 3CaO.SiO, 11.2 percent and 
decreasing the 2CaO.SiO, 11.2 percent; (2) by maintaining the CaQ 
and SiO, constant and increasing the Al,O; 2.6 percent and decreasing 
the Fe,O, 2.6 percent; and (3) by adjusting the oxide composition 
to maintain the 3CaO.SiO, and 2CaO.Si0, constant and to increase 
the 3CaQ.Al,0,; 5.1 percent and decrease the 4CaQ.Al,O;.Fe,0, 5.1 
percent. From these calculations it becomes apparent that the dif- 
ferences in the heat of hydration resulting from variations in glass 
content are equivalent to relatively large changes in composition. 

The rate of heat evolution during hydration is also affected by the 
fineness of the cement. Cement hydrates more rapidly and has a 
higher heat of hydration at early ages, as its fineness increases. The 
differences in the fineness of the cements used in this investigation 
would account for only a very small part of the observed differences 
in the heats of hydration. 

In the absence of complete knowledge of the constitution of port- 
land cement, it is not possible to give a definite explanation for the 
observed variations in the heats of hydration of cements of different 
glass content. However, it is possible to point out some factors, 
each of which may contribute to the observed effects. 

1. For the cements used in this investigation an amount of gypsul 
was added to give a constant content of SO; in the cement. Its 
known that the addition of gypsum affects the hydration processes 0! 
portland cement and that this effect is not identical for all cemen' 
compositions. It also seems probable that a given quantity of gy?- 
sum may not have the same effect for cements of the same composition 
but of different glass contents. Since the effect of gypsum 1s mos 
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pronounced at very early ages, this may partly account for the 

observed phenomenon that at 3 days, and to a lesser degree at 7 days, 
the heat of hydration did not show a consistent relation to the glass 
content. At ‘28 days variations in the heat of hydration, as affected 
by the gypsum, should be and apparently are less pronounced. 

9. Since the glass i in portland cement is a metastable phase [9] it 

hould hydrate more rapidly than the corresponding crystalline phases. 
(Qn this basis the cements of higher glass content would be expected 
to have higher heats of hydration at early ages; except as influenced 
by the gypsum and fineness as discussed above. 

With cements containing glass, the 3CaQ. SiO, content generally 
is different from that of similar cements at crystalline equilibrium. 
From a study of the quaternary system CaQ-Al,0,-SiO,-Fe,O;, Lea 
and Parker [10] found that when the Al,0,/Fe,0; ratio is medium or 
high, cements containing glass will have a higher 3CaO.SiO, content, 
and a lower 2CaO.SiO, content, than the corresponding cements at 
crystalline equilibrium. When the Al,O,/Fe,O; ratio is low this 
condition will be reversed. Since 3CaO.SiO, hydrates more rapidly 
and has a higher heat of hydration than 2CaO.SiO, these changes in 
the calelum silicate content will have an effect on the heat of hydration 
at early ages. 

t. Cements containing glass have higher heats of solution than do 
ihe corresponding cements at cry stalline equilibrium. When cements 
of a given composition, but of varying glass content, are completely 
hydrated, the total heat of hydration should vary by the same amount 
as the heat of solution of the original cements, provided the final 
products of hydration are identical. However, at 28 days the cements 
are not completely hydrated and it is not definitely ‘known at the 
present time that cements of a given composition but of different 
glass contents will hydrate to the same end products. 

The degree of crystallization of the compounds formed by the 
alkalies and other minor constituents would also be expected to affect 
tle heats of hydration of the cements. Since the course of crystal- 
lization of these minor constituents is not clearly defined at the present 
time it is not possible to evaluate their effect on the heat of hydration. 


V. CONCLUSION 


The results of this investigation give further evidence that there are 
i number of variables which affect the heat of hydration of portland 
cement. Some of these factors are not fully understood and hence 
cannot be definitely controlled in present day manufacturing processes. 
For these reasons it seems desirable that when cement is to meet a 
specific heat of hydration requirement, dependence should not be 
placed upon estimates from composition and fineness but the heat of 
hydration should be actually determined. With the known heat of 
hydration as a starting point, the manufacturer may make such 
changes or adjustments of composition and kiln operation as may be 
hecessary to meet the specification requirements. 
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ACCELERATED AGING OF LEATHER IN THE OXYGEN 
BOMB AT 100° C 


By Joseph R. Kanagy 


ABSTRACT 


Various tannages of leather and raw hide were exposed to oxygen under pres- 
cure ina bomb at 100° C for 7 days. Ammonia, primary amino nitrogen, and the 
percentages of the total nitrogen dissolved in water and in 0.1 N sodium carbonate 
were determined on the exposed samples and compared with similar data from 
leather aged under normal conditions. ‘The evolution of carbon dioxide and 
water from some of the leathers and raw hide was also studied by heating in oxygen 
at atmospherie pressure at 100° C. 

fhe tannages of leather used were sumac, cutch, copper-free chestnut, and 
sulfite cellulose pretanned in sulfite cellulose and finished in commercial chestnut, 
and a blend of chestnut and sulfite cellulose. 

The pH values of the vegetable-tanned leathers in most cases drop during 
exposure in the bomb, while those of raw hide and sulfite cellulose leather rise. 

Stability of the leathers under the accelerated conditions at a given pH appears 
to be dependent upon the type of tanning material. 

The vegetable tannins are relatively susceptible to oxidation in oxygen at 
100° C, as shown by the percentages of carbon dioxide and water evolved. 

A comparison shows that the mechanisms of the deterioration of leather under 
the normal and the accelerated aging conditions are similar, because the degrada- 
tion of the hide substance under either condition appears to be hydrolysis, while 
the breakdown of the tannins under either condition appears to be oxidation. 
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I. INTRODUCTION 


In a previous investigation [1]! at the National Bureau of Stand- 
uds, quebracho- and chestnut-tanned leathers were exposed in an 
oxygen bomb under various conditions. The conditions varied were 


—— 
' Figures in brackets indicate references at the end of this paper. 
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the pressure of oxygen, the temperature in the bomb, the time of ex- 
posure, the moisture content of the leather, and the pH of the leathe; 
Samples of these leathers were dried in an oven at 100° C for 24 hours 
and then exposed in the bomb, containing initially an atmosphere of 
oxygen at 100 lb/in.?, and aged at 100°C for 7 days. The results 
with respect to the influence of acidity were comparable to those 
obtained with similar leathers aged under normal aging conditions 
The results also definitely indicated that the stability of a leather 
depends in part upon the type of tanning material used. 

This investigation is a continuation of the study of the behavior of 
leather in the oxygen bomb. A study of the stability of various tan- 
nages of leathers and raw hide under these conditions as well as of the 
comparative rates of evolution of carbon dioxide and water from some 
of the samples is presented. The latter study was made in order to 
obtain some data on the mechanism of the deterioration of the tannins. 


II. PREPARATION OF LEATHER AND HIDE SAMPLES 


The leathers used in this work were prepared in the experimental 
tannery at the National Bureau of Standards as follows: 

1. Leather tanned with a copper-free chestnut-wood extract, 
The extract was prepared in the laboratory by leaching wood chips in 
a porcelain-lined container. The leather tanned with the extract 
was free from copper. ‘This leather was selected for comparison with 
leather tanned with a commercial extract which was found to contain 
up to 0.04 percent of copper. 

2. Leather tanned with sulfite cellulose extract. The tanning 
liquors contained 5 percent of sodium chloride by weight. The salt 
was added to minimize the plumping of the hide. 

3. Leather pretanned with sulfite cellulose and finished with com- 
mercial chestnut-wood extract. The hides were tanned in a liquor 
described under 2 for 1 week after which time the tanning was com- 
pleted in commercial chestnut-wood extract. 

4. Leather tanned with a blend of one-third sulfite cellulose extract 
and two-thirds commercial chestnut extract. The proportions were 
based on the tannin content of the extract as determined by the 
ALCA method. 

5. Leather tanned with sumac extract. 

6. Leather tanned with cutch (mangrove bark) extract. 

In the case of the last three tannages, a small amount of acetic acid 
was added to the initial liquors for the purpose of assisting in neu- 
tralizing the residual lime which remained in the hides after bating. 

Blocks of the finished leathers 6 by 15 inches, treated with sulfuric 
acid so as to have pH values ranging from 2.25 to 5, were cut into 
smaller pieces 114 by 3 inches, which were used in making the exper! 
ments. ; 

The raw hide used in this investigation was prepared from a limed 
and unhaired steer hide. The hide was washed and bated. It was 
dehydrated by soaking first in 95-percent ethyl alcohol and finally 10 
petroleum ether. Pieces of the dehydrated hide were then treated 
with sulfuric acid solutions of different concentrations. After soak- 
ing in the acid, the hide was again dehydrated with ethyl alcohol and 
petroleum ether. Pieces of the hide 1% by 3 inches, having pH values 
ranging from 2.25 to 5, were used in the experiments. 
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III. METHOD OF ACCELERATED AGING 


in making the tests, the samples of leather or raw hide were dried 
in an oven at 100° C for 24 hours. They were then placed in the 
oxvgen bomb, oxygen was added under pressure, and the samples in 
the bomb were placed in an oven at 100° C and aged under these 
conditions for 7 days. The initial pressure in the bomb was approxi- 
mately 100 Ib/in? at 25° C. The extent of the deterioration was deter- 
mined from the percentages of the nitrogenous materials extracted 
from the aged samples by water and by 0.1 N sodium carbonate solu- 
tion. The details of this method of determining the extent of the 
deterioration and a description of the oxygen bomb used are given in 
a previous report [1]. nigh 

The amount of ammonia in the water extracts was determined [2] 
by adding an excess of magnesium oxide to an aliquot part of the 
solution in a Kjeldahl flask and distilling the ammonia into 0.2 N 
sulfuric acid. The amount of primary amino nitrogen was determined 
[3] on an aliquot part of the water extract by the method of Van 
Slyke, which is based on the evolution of nitrogen from primary amino 
croups by a reaction with nitrous acid. 


IV. ROLE OF pH IN THE NATURAL AND ACCELERATED 
AGING OF LEATHER 


Since it is known that the deterioration of leathers is influenced by 
acidity, a knowledge of pH changes occurring during aging is neces- 
sary for an accurate interpretation of the results. A discussion of 
pH changes oceurring in chestnut- and quebracho-tanned leathers 
treated with copper and iron salts and with sulfuric acid was presented 
in a previous investigation [4]. It was observed that the pH values 
of these leathers, in most cases, decreased during exposure in the bomb. 
The extent of the decrease depended upon the initial pH and the salt 
used in impregnating the leather. 

The pH changes for chestnut- and quebracho-tanned leathers are 
shown in table 1. The greater amount of the pH decrease for these 
leathers took place within the first 24 hours. For chestnut leather, 
two of the three samples actually had lower pH values at the end of 
24 hours than at the end of 7 days. Raw hide showed a pH increase 
during exposure in the bomb, as shown in table 2. It may also be 
observed that this increase in pH was not as rapid as the decrease in 
pH for the leathers, as practically no change was noticed in the former 
ase at the end of 24 hours. However, at the end of 96 hours’ expo- 
sure a definite increase in pH had occurred for the raw hide. From 
these results, it appears that in the case of the leathers the pH after 
exposure represents most nearly the pH influencing the greater part 
of the deterioration. However, in the case of the raw hide, where the 
pH change occurs less rapidly, a value somewhere between the initial 
and final pH values would most nearly represent that pH value which 
influences the greater part of the deterioration. 
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TABLE 1.—Change of the pH values of samples of quebracho- and chestnut-tanned 

leathers when exposed under the accelerated conditions 
Duration of exposure (days) 
Leather i = ee aaa ——. 
2 4 




















TABLE 2.—Change of the pH values of samples of raw hide when exposed under th 
accelerated conditions 


Duration of exposure (days) 


4 




















V. COMPARATIVE STABILITY OF VARIOUS TANNAGES 
IN OXYGEN UNDER PRESSURE 


Since the pH values of the leather and raw hide samples do not 
remain constant during exposure, and especially since the pH changes 
of the two types of samples are opposite in trend, for purposes of 
comparison the results are presented as a function of the initial pH 
in figure 1(A) and as a function of the pH after exposure in figure 1 (3). 
Results for quebracho- and commercial chestnut-tanned leathers, 
which were presented in a study of the effects of copper and iron salts 
on leather, are also given in these figures. Because of variations in 
the results obtained for raw hide, a curve indicating only the trend of 
the increase in deterioration with decrease in pH is shown in this 
figure. The actual results are given in figure 2, where the percentages 
of the total nitrogen dissolved are presented as a function of the 
initial pH. 

The results in figure 1 indicate that with the exception of the sulfite 
cellulose leather, the conclusions as to the comparative stabilities of 
the leathers would be the same from observations of either graph. 
The percentages of the total nitrogen dissolved from the leathers 
presented as a function of the initial pH indicate that the sulfite 
cellulose leather is comparable with the cutch leather, but when the 
same results are presented as a function of the pH after exposure it Is 
comparable with the chestnut leathers. Since the pH values of the 
samples of sulfite cellulose leather rise during exposure, it appears from 
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a consideration of the results that this leather is less stable than the 
cutch leather and probably has no greater stability than the chestnut 
leather prepared from the commercial extract. The order of decreas- 
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FicurE 1.—Increase in the percentages of the total nitrogen dissolved from various 


tannages of leather exposed in the oxygen bomb, as a function of the initial pH and 
as a function of the pH after exposure. 


ing stability of the samples at pH 3 is then, quebracho leather, sumac 
leather, cutch leather, sulfite cellulose and chestnut leathers, raw hide, 
— ogee prepared from a blend of commercial chestnut and sulfite 
cellulose. 
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All leathers of a chestnut tannage except that prepared from , 
blend of chestnut and_ sulfite cellulose show approximately equa! 
stabilities at pH 3.25. Below this pH value, however, variations ocey; 
and the leather tanned with the commercial chestnut extract shoys 
slightly greater stability than the leather prepared from copper-free 
extract. In an investigation [4] on the effect of copper and iron salts 
on leather it was found that for a given lot of chestnut leather, the 
rate of deterioration increased as the percentages of copper present 
were increased. For different lots of the same type of leather there 
are apparently other variables which produce greater effects on the 
rates of deterioration under these conditions than those which would 
be produced by the small amounts of copper (0.04 percent) present in 
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Figure 2.—Increase in the percentages of the total nitrogen dissolved from raw hide 
exposed in the oxygen bomb, as a function of the initial pH. 


this leather. The leather prepared from a blend of chestnut and 
sulfite cellulose shows less stability in the oxygen bomb than raw hide, 
which may be explamed by the fact that it was weakened during the 
tanning process. This leather was tanned without the addition of 
sodium chloride and it is possible that the sulfite cellulose caused 
excessive swelling which weakened the fibers. In a previous investi- 
gation [5] on the effects of various sulfur-containing materials on the 
deterioration of vegetable-tanned leathers by sulfuric acid, it was 
observed that leathers tanned with a blend of either quebracho or 
chestnut and sulfite cellulose showed the lowest original tensile 
strength. 


VI. COMPARISON OF NORMAL AND ACCELERATED AGING 


In a previous investigation [2] a study was made of the soluble 
decomposition products formed when leather was aged under normal 
conditions. These leathers were aged at 70° F and 65-percent relative 





cos Leather in the Oxygen Bomb 247 
lymidity for 2 years in the absence of direct sunlight, and then stored 
‘rom 3 to 8 years longer at room temperature and atmospheric condi- 
‘ions. -\ comparison may therefore be made of the pH changes that 
have occurred and the soluble decomposition products formed in these 
leathers with the same data obtained from leathers treated under the 
accelerated conditions. 


1. pH CHANGES 


A comparison of the pH changes occurring during accelerated and 
normal aging conditions is shown in table 3. Under the accelerated 
conditions a decrease in pH is shown for all samples except those 
having the lowest initial pH values where, in some cases, a slight 


TabLp 3.—Comparison of pH changes occurring under normal and accelerated aging 
conditions 
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The normal aging period for the quebracho and chestnut leathers was 10 years, and for cutch and sumac 


ears 


increase in pH occurs. For leathers aged under the normal con- 
ditions, only those samples having the highest initial pH values and 
the samples of sumac leather show a decrease in pH. The decrease in 
pllis probably caused by organic acids formed by the oxidation of the 
tannins, while the rise in pH is probably caused by the presence of 
ummonia and amino nitrogen formed by deteriorating reactions in the 
hide substance. The pronounced tendency of the pH to decrease 
during accelerated aging is due to greater oxidizing action and the fact 
that less ammonia is formed, as shown in table 4. 
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TABLE 4.—Comparison of the percentages of ammonia formed under normal a; 
accelerated aging conditions ; 
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1 The normal aging period for the quebracho and chestnut leathers was 10 years and for euteh and suma 
5 years. 


2. FORMATION OF AMMONIA AND PRIMARY AMINO NITROGEN 


A study of the soluble decomposition products formed under normal 
aging conditions indicated that the formation of ammonia increased 
with both acid concentration and time, and that the percentages of 
ammonia formed in leathers aged under various conditions showed no 
correlation with the deterioration of the leathers. The amounts of 
ammonia formed during accelerated aging are shown in table 4 and 
figure 3. In figure 3, the ammonia content of leathers treated with 
copper and iron salts, leathers treated with sulfuric acid, and raw hide 
treated with sulfuric acid are given as a function of the initial pH 
values of the samples. The results indicate that in most cases less 
than 1 percent of ammonia was formed, although the amount of de- 
terioration occurring was in most cases greater than that taking place 
under normal conditions where the ammonia content was as much as 
5 percent for a 10-year aging period, as shown in table 4. The leathers 
treated with copper and iron salts showed slightly higher ammonia 
contents than any of the other samples at the same pH values, which: 
indicates that these salts exerted a slightly accelerated oxidizing effect 
on the hide substance. 

The fact that less ammonia is formed during accelerated aging than 
during normal aging, as shown in table 4, is not thought to have any 
significance with regard to the mechanisms of deterioration under the 
two sets of conditions. Since the formation of ammonia has beet 
shown to increase with time of aging and acid content, it is possible 
that if the time of aging in the oxygen bomb were of greater duration, 
the amount of ammonia formed would be increased. The small 
amounts of ammonia formed under the accelerated conditions indicate 
that gaseous oxygen has littie oxidizing effect on the hide substance. 
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The percentages of the total nitrogen as primary amino nitrogen for 
copper- and iron-treated leathers, sulfuric acid treated leathers, and 
sulfuric acid treated raw hide are shown in figure 4. The amounts of 
primary amino nitrogen formed are extremely small and although they 
are slightly higher than the amounts for the same pH values obtained 
ynder normal aging conditions, they are hardly appreciable. These 
results indicate little hydrolysis of peptide linkages. The percentages 
of the total nitrogen as primary amino nitrogen for the three types of 
samples tend to increase slightly with decrease in pH. There is no 
indication of a difference in the average amounts formed at a given 
pH value for any of the three types of samples. 
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Figure 3.— Ammonia contents of leathers and raw hide exposed in the oxygen bomb, 
as a function of the initial pH. 


3. FORMATION OF SOLUBLE NITROGENOUS COMPOUNDS 


The percentages of the total nitrogen dissolved from cutch and sumac 
leathers as a function of the initial pH under normal and accelerated 
iging conditions are shown in figure 5. Both leathers showed greater 
percentages of the total nitrogen dissolved at all pH values studied 
under accelerated conditions. Under either set of conditions sumac 
eather Was more stable than cutch leather. The leathers showed 
tapidly increasing percentages of the total nitrogen dissolved below 
pH 3 under either set of conditions. Similar observations in the case 
of chestnut- and quebracho-tanned leathers were made in a previous 





250 Journal of Research of the National Bureau of Standards {yo +; 





@ LEATHERS TREATED WITH COPPER AND IRON SALTS 


x RAW HIDE TREATED wiTH SULPHURIC ACID 







































































} 
© LEATHERS TREATED WITH SULPHURIC ACID re) 
< 
z Oo di 
© 15 
aan © 
. | di 
4 
< } 
z 
ww TY) 
© pl 
@ le: 
5 th 
z 
- 
< 
- 
° 
— 
~ 
° ( 
w 
° 
a 
= 
~ ‘ 
= c 
x é 
: 
a 
25 ‘ 
INITIAL PH 
Figure 4.—Primary amino nitrogen content of leathers and raw hide exposed in th E 
oxygen bomb, as a function of the initial pH. z 
y 
@ 
@ CUTCH- ACCELERATED CONDITIONS 
D CUTCH—NORMAL CONDITIONS 
= @ SUMAC “ACCELERATED CONDITIONS 
w © SUMAC— NORMAL CONDITIONS 
= 
oO 
w 
w 7 
3 Fig 
z 
w 
o 
° 
= bet 
. mo. 
2 pro 
= 
° cate 
app 
ro) tan 
w ism 
° Is 
e 
z 
w 
.S] 
o 
a hh 
res 
ry en 
INITIAL PH plac 
was 


Fiaure 5.—Comparison of the increase in the percentages of the total nitrogen ak colle 
solved from sumac and cutch leathers exposed in the oxygen bomb and aged unde 
normal conditions, as a function of the initial pH. 
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investigation [1]. The nitrogenous compounds dissolved were pre- 
cipitated almost completely by tannins and phosphotungstic acid, 
whieh is a further indication that few peptide linkages are broken 
during the deteriorating process under these conditions. A similar 
observation was also made for the leathers aged under normal con- 


ditions. 
4. MECHANISM OF DETERIORATION 


In a dis cussion of the mechanism of deterioration of leather in the 
presence of oxygen, the assumption is made that the constituents of 
leather—hide substance and tannins—behave as in a mixture. Al- 
rice there is evidence to show that there is some combination 
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between hide substance and tannin, these substances have such high 
molecular weights that they retain most of their or iginal chemical 
properties in the combined state. The evidence to be presented indi- 
cates that the deterioration of leather in the presence of oxygen 
appears to proceed by two mechanisms, an oxidizing action on the 
tannins and a hydrolytic action on the hide substance. The mechan- 
ism of deterioration under natural and accelerated aging conditions 
ls compared on this basis. 


(a) DETERIORATION OF THE TANNINS 


In order to obtain some data on the oxidation of the tannins in the 
presence of oxygen, samples of leather and raw hide in U-tubes were 
placed in an oven ‘at 100° C. Dry and carbon dioxide-free oxygen 
was then passed over the samples. Water and carbon dioxide were 
collected by leading the gases out of the oven and through U-tubes 

79859—38 9 
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containing magnesium perchlorate and Ascarite, respectively. The 
water was absorbed by the magnesium perchlorate and the carbo 
dioxide by the Ascarite. The rates of evolution were determined by 
weighing the U-tubes at various intervals of time. Because of the 
continuous loss of weight by the leathers, the calculated percentages 
of carbon dioxide or water are based on the original air-dry leather. 

The rate of evolution of carbon dioxide from leathers and raw hide 
in oxygen at atmospheric pressure at 100° C is shown in figure 6. 
These results show that the rates of evolution of carbon dioxide 
depend upon the type of tanning material and that for the same tan- 
ning material the rate of evolution is increased by the presence of 
copper (approximately 0.30 percent) in the form of copper sulfate. 


Of the four vegetable tanning materials represented in these leathers. 
e 





QUEBRACHO LEATHER TREATED wWiTH COPPER SULPHATE 
CHESTNUT LEATHER TREATED WITH COPPER SULPHATE 
CUTCH LEATHER 

CHESTNUT LEATHER 

CHESTNUT LEATHER- COPPER FREE 

QUEBRACHO LEATHER 

Sumac LEATHER 

SULPHITE CELLULOSE LEATHER 

RAW HIDE 








*©O© 0 0@0808 








EVOLVED 





WATER 





PERCENTAGE 








1 
16 





Time IN OaYS 
Ficure 7.—Evolution of water from leathers and raw hide heated in a stream of 
oxygen at 100° C. 


{Percentages based on the original air-dry weight of the samples.] 


that containing chestnut tannin gives off carbon dioxide most rapidly, 
while sumac and quebracho leathers evolve this gas least rapidly. 
Of all the leathers, the one tanned with sulfite cellulose gives off 
carbon dioxide at the lowest rate. Raw hide evolves very little 
carbon dioxide, which indicates that the source of most of that evolved 
from the leathers is the tanning materials. 

The rate of evolution of water from the raw hide and leather samples 
starting after the first 24 hours of exposure is shown in figure ¢. 
During the first 24 hours of heating most of the adsorbed water in 
the leather is evolved and the principal source of water thereafter 1s 
from oxidation and dehydration reactions. A better comparison of 
the stability of the leathers with respect to the evolution of water 
may therefore be given by showing its rate of evolution after the 
adsorbed water, which also varies for each leather, has been removed. 
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Qf the untreated vegetable-tanned leathers, cutch leather gives off 
water at the greatest rate, while sumac leather evolves water at the 
lowest rate. Chestnut- and quebracho-tanned leathers give off 
water at practically the same rate. The addition of approximately 
0.30 percent of copper as copper sulfate has greatly increased the rate 
of evolution of water from quebracho leather but has only slightly 
increased it from chestnut leather. Sulfite cellulose leather gives 
off water at a lower rate than any of the other leathers, and the rate 
of evolution from raw hide is the lowest for all the samples. This 
was also the case where carbon dioxide was evolved and gives a further 
indication that the action of oxygen on leather is confined principally 
to the tanning materials. 

Under either normal or accelerated conditions the tannins are 
oxidized to a certain extent, as shown by the decrease in the pH 
values during aging. This oxidizing action is, however, much more 
drastic under the accelerated conditions, as shown by larger decreases 
in the pH values and by the amounts of carbon dioxide and water 
evolved under conditions similar to those used in accelerated aging 


(b) DETERIORATION OF THE HIDE SUBSTANCE 


There is no indication of any significant difference between the 
mechanisms of the degradation of the hide substance of leather under 
accelerated or normal aging conditions. Definitely more ammonia 
was found for the leathers aged under normal conditions but, as 
nentioned before, this is not thought to be a significant factor in the 
actual deterioration. The degradation in the hide substance under 
both sets of conditions appears to consist principally in the separation 
of polypeptide chains rather than any extensive hydrolysis or oxida- 
tion of these chains. This is shown by the small amounts of amino 
nitrogen formed and by the fact that most of the dissolved nitrogen 
compounds may be precipitated by tannins and phosphotungstic acid. 
By such a mechanism the leather loses its physical strength without 
much measurable chemical change occurring in the hide substance, in 
regard to the formation of ammonia or primary amino nitrogen. The 
greatest measurable change in the hide substance is an increase in 
solubility; the chemical reaction bringing about this change is prob- 
ably hydrolytic. Deterioration under the accelerated conditions 
may, therefore, be considered similar in mechanism to that occurring 
under normal conditions, with the action on the tannins increased in a 
greater proportion than the action on the hide substance. The hydro- 
lytic deterioration of the hide substance is probably accelerated prin- 
cipally by the increase in temperature, while the deterioration of the 
tannins is accelerated by the increased concentration of oxygen as well 
as the elevated temperature. 


VII. CORRELATION OF ACCELERATED TESTS WITH THE 
STABILITY OF LEATHER 


The tannins in leather may be considered as protective agents for 
the raw hide and, therefore, the resistance to oxidation of the tanning 
material under any set of aging conditions is one factor influencing 
the stability of the leather. This influence of the tannins may be 
observed in figure 1, where the percentages of the total nitrogen dis- 
solved from the leathers and raw hide are presented as a function of 
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pH. In this figure raw hide shows more deterioration than any of the 
leathers with the exception of that tanned with a blend of commercis 
chestnut and sulfite cellulose. The comparative instability of a 
raw hide under the accelerated conditions was expected since it con- 
tained no protective material. The order of decre: using stability for 
the leathers tanned with the vegetable tannins alone is quebracho. 
sumac, cutch, and chestnut. The comparative rates of evolution of 
carbon dioxide and water from these leathers, as shown in figures ¢ 
and 7, correlate with their comparative stabilities in the oxygen bomb, 
The chestnut leathers are the least stable of these, and the amounts 
of carbon dioxide evolved are greatest. Quebracho and = sumae 
leathers are most stable and they evolve smaller quantities a eit he 
carbon dioxide or water than any of the other vegetable-tam 
leathers. Cutch leather evolves more water than any of the untreated 
vegetable-tanned leathers but less carbon dioxide than any of th 
chestnut-tanned leathers. In the oxygen bomb, it shows more stabil- 
ity than chestnut leather but less than sumac or quebracho. Que- 
bracho and chestnut leathers treated with copper sulfate give increased 
rates of evolution of both carbon dioxide and water (figs. 6 and 7 
In a previous investigation [4] it was shown that these leathers when 
treated with copper sulfate had less stability in the oxygen bomb than 
the corresponding untreated ones. This indicates further that the 
stability of the tannins is an important factor in determining the 
stability of a leather. 

Sulfite cellulose leather evolves less carbon dioxide and water than 
any of the other leathers, yet when it is exposed in the oxygen oo 
it shows no greater stability than chestnut leather. It is known tha 
leathers prepared from sulfite cellulose alone have strongly hydro 
philic characteristics and in practice this tanning material is never 
used alone for making leather. The hydrophilic character of this 
leather causes it to have properties similar to those of raw hide and 
it is questioned whether the sulfite cellulose extract actually has good 
tanning properties. 

As mentioned above, the leather prepared from a blend of commer- 
cial chestnut and sulfite cellulose shows less stability in the bomb 
than raw hide, possibly because the hide substance was weakened 
in the tanning process. 

Thus, under the accelerated conditions in the oxygen bomb, such 
factors as stability of the tannins to oxidation, condition of the hid 
substance, and actual tanning properties of the tanning materials 
appear to be reflected in the results obtained. This and a previous 
investigation [1] have shown that deterioration of the leathers under 
these conditions is com parable to that obtained for similar leathers 
under normal conditions. The mechanism of deterioration under 
these accelerated conditions also appears to be similar to that occur- 
ring under normal conditions. For these reasons, tests made under 
the accelerated conditions described in this report should give valu- 
able indications as to the aging quality of a leather. 
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Konagy] 
VIII. SUMMARY 


1. The results obtained after aging leathers at 100° C for 7 days 
in the oxygen bomb containing an atmosphere of oxygen initially 
at 100 Ib/in ? should give valuable indications as to their aging proper- 
‘ies for the following reasons: 

The influence of the type of tanning material and changes in pH 
on the deterioration of the leathers under these conditions is similar 
to that occurring under normal conditions. 

The mechanism of the deterioration occurrmg under the acceler- 
ated aging conditions is similar to that occurrmg under the normal 
acing’ conditions. 

2. The order of decreasing stability at pH 3 under the accelerated 
conditions in the oxygen bomb for the various tannages of leather 
studied is quebracho, sumac, cutch, sulfite cellulose, the leathers 
containing chestnut, and a blend of commercial chestnut and sulfite 
cellulose. 

3. The comparative rates of evolution of carbon dioxide and water 
from the vegetable-tanned leathers when heated in a stream of oxygen 
at 100° C are related to their stability in the oxygen bomb. 

4, Sulfite cellulose leather is comparatively stable in the presence 
of oxygen at 100° C. Its instability in the oxygen bomb is an indica- 
tion that the sulfite cellulose extract has poor tanning properties. 

5. The evolution of both carbon dioxide and water is increased in 
the case of either chestnut or quebracho leathers by the presence of 
small amounts of copper in the form of copper sulfate. 

6. Raw hide evolves comparatively small amounts of either carbon 
dioxide or water when heated in a stream of oxygen at 100° C, which 
indicates that the source of the greater part of either of these com- 
pounds from the leathers is the tannins. 
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